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One of prominent issues related to failures in nuclear power components is 
attributed to material degradation due the aggressive environment conditions, and 
mechanical stresses. For instance, reactor core support components, such as fuel claddings, 
are under prolonged exposure to an intense neutron field from the fission of fuel and 
operate at elevated temperature under fatigue loadings caused by start-up, shut-down, and 
unscheduled emergency shut-down. Additionally, exposure to high-fluence neutron 
radiation can lead to microscopic defects that result in material hardening and 
embrittlement, which significantly affects the physical and mechanical properties of the 
materials, resulting in further reduction in fatigue life of reactor structural components. The 
effects of fatigue damage on material deterioration can be further exacerbated by the 
presence of thermal loading, hold-time, and high-temperature water coolant environments.  
In this study, uniaxial fatigue models were used to predict fatigue behavior based 
only on simple monotonic properties including ultimate tensile strength and Brinell 
hardness. Two existing models, the Bäumel-Seeger uniform material law and the 
Roessle-Fatemi hardness method, were employed and extended to include the effects of 
test temperature, neutron irradiation fluence, irradiation-induced helium and 
 
 
irradiation-induced swellings on fatigue life of austenitic stainless steels. Furthermore, a 
methodology to estimate fatigue crack length using a strip-yield based model is presented. 
This methodology is also extended to address the effect of creep deformation in a presence 
of hold- times, and expanded to include the effects of irradiation and water environment. 
Reasonable fatigue life predictions and crack growth estimations are obtained for irradiated 
austenitic stainless steels types 304, 304L, and 316, when compared to the experimental 
data available in the literature. Lastly, a failure analysis methodology of a mixer unit shaft 
made of AISI 304 stainless steel is also presented using a conventional 14-step failure 
analysis approach. The primary mode of failure is identified to be intergranular stress 
cracking at the heat affected zones. A means of circumventing this type of failure in the 
future is presented.  
 
Keywords: Strip-Yield Model, Neutron Irradiation; Creep-Fatigue; Elevated Temperature; 
Crack Growth Estimation; Life Prediction; Stainless Steel; Elevated Temperature; Void 
Swelling; Irradiation-Induced Helium; Intergranular Stress Cracking; Heat Affected 
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FATIGUE LIFE PREDICTIONS FOR IRRADIATED STAINLESS STEELS  
CONSIDERING VOID SWELLING EFFECTS 
1.1 Abstract 
The objective of this chapter is to estimate fatigue life of irradiated austenitic 
stainless steels types 304, 304L, and 316, which are extensively used as structural alloys in 
the internal elements of nuclear reactors. These reactor components are typically subjected 
to a long term exposure to irradiation at elevated temperature along with repeated loadings 
during operation. Additionally, it is known that neutron irradiation can cause the formation 
and growth of microscopic defects or swellings in the materials, which may have a potential 
to deteriorate the mechanical properties of the materials. In this study, uniaxial fatigue 
models were used to predict fatigue properties based only on simple monotonic properties 
including ultimate tensile strength and Brinell hardness. Two existing models, the Bäumel 
Seeger uniform material law and the Roessle Fatemi hardness method, were employed and 
extended to include the effects of test temperature, neutron irradiation fluence, irradiation 
induced helium and irradiation induced swellings on fatigue life of austenitic stainless 
steels. The proposed models provided reasonable compared with the experimental data for 




With a growing demand to reduce greenhouse gas emissions, the focus of energy 
generation sources has shifted from the fossil fuel-based electrical production to those that 
provide low emission, inexpensive, and reliable electricity such as nuclear power reactors. 
It was reported that approximately 19% of the total electrical supply in the United States 
in 2014 was generated from 104 commercial nuclear reactors at 62 nuclear power plant 
sites in operation nationwide (U.S. Energy Information Administration, 2014). 
While nuclear reactors are typically designed with operational life of 40 years, their 
lives can be extended to 20 additional years or more with provisions for Licensing Renewal 
(NUREG/BR-0164, 2012).  To ensure safe operation of existing reactors beyond their 
initial design lives, understanding a long-term structural integrity of reactors is of major 
concerns. One of prominent issues related to failures in nuclear power components is 
attributed to material degradation due the aggressive environment conditions, and 
mechanical stresses. For instance, reactor core support components, such as fuel claddings, 
are under prolonged exposure to an intense neutron field from the fission of fuel and 
operate at elevated temperature under cyclic (i.e., fatigue) loadings caused by start-up, 
shut-down, and unscheduled SCRAM (emergency shut-down) (Busby, 2012). The 
fluctuations in loadings typically occur a few hundred to a thousand times during the life 
of the vessels (McLaughlin, 1967).  Pressurizer, steam separators, pumps, steam generator 
shells, piping, etc., are among nuclear reactor components that are subjected to fatigue 
damage during operation (Busby, 2012). 
It is known that the failure due to fatigue is the dominant mechanical failure mode 
for most machinery and structural components (Stephens et al., 2000).  This type of failure 
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is associated with crack initiation and growth that eventually lead to fracture. The majority 
of fatigue failures are unexpected and generally occur under the cyclic loading with peak 
values significantly less than the safe loads estimated from the static fracture analysis 
(Suresh, 1998).  Additionally, exposure to high fluence neutron radiation can lead to 
microscopic defects that result in material hardening and embrittlement, which 
significantly affects the physical and mechanical properties of the materials, resulting in 
further reduction in fatigue life of reactor structural components. 
The strain-life (ε-N) method for fatigue life estimation is one of the classical 
approaches that can be applied in both low-cycle and high-cycle fatigue regimes. In this 
method, the total strain amplitude, ,
2

 can be separated into elastic and plastic strain 
components, and related to reversals to failure, 2Nf, by the Coffin-Manson relationship as: 




















e  is the elastic strain amplitude and 
2
p  is the plastic strain amplitude. In 
Equation (1.1), ,f  b, ,f  and c are fatigue strength coefficient, fatigue strength exponent, 
fatigue ductility coefficient, and fatigue ductility exponent, respectively. Although the 
most accurate approach to obtain the fatigue behavior of a given material is to perform the 
experimental-based determination of fatigue parameters, comprehensive fatigue 
experiments are usually costly and time consuming. Furthermore, fatigue tests of materials 
or components subjected to irradiation require specialized instruments and extensive 
amounts of time. The tests are also extremely expensive and can involve significant 
radiation exposure to the test personnel. Therefore, the majority of research in the literature 
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involving irradiated materials has been focused on studying the changes in tensile and 
fracture toughness properties, which is less expensive and can be obtained within a short 
timeframe. Only limited experimental studies have been carried out to investigate the 
effects of radiation on fatigue properties of reactor structural materials. 
A number of semi-empirical relations have been proposed to correlate uniaxial 
fatigue behavior of un-irradiated metallic materials to their tensile properties. Among these 
methods, Bäumel-Seeger uniform material law (Bäumel Jr. and Seeger, 1990) and 
Roessle-Fatemi hardness methods (Roessle and Fatemi, 2000) have been shown to provide 
good approximations of fatigue parameters for various types of metals (Shamsaei and 
Fatemi, 2009; Shamsaei and McKelvey, 2014). Both methods are extended in this work to 
estimate the fatigue behavior of irradiated stainless steels. 
Bäumel and Seeger (Bäumel and Seeger, 1990) were among the first to consider 
unalloyed and low-alloy steels separately from aluminum and titanium alloys. In their work 
(Bäumel and Seeger, 1990), the empirical relations to approximate the strain amplitude-life 
curve, known as a uniform material law, was proposed based on ultimate tensile strength, 
,U  and modulus of elasticity, E. Using the Bäumel-Seeger uniform material law method, 
the Coffin-Manson properties for steels can be approximated as (Bäumel and Seeger, 
1990): 
 






1                                         for    0.003












   (1.3) 
By substituting the fatigue properties from Equations (1.2) and (1.3) into Equation (1.1), 
the strain-life (ε-N) relation for steels can be obtained using the following equation: 
 
   
0.087 0.58









Moreover, Roessle and Fatemi (Roessle and Fatemi, 2000) conducted an 
investigation to correlate the monotonic tensile properties of over 60 different types of steel 
to their uniaxial strain-controlled fatigue properties. They reported that the lower hardness 
was beneficial in the short-life fatigue regime, whereas higher hardness was found to 
improve fatigue life in the long-life regime. Based on the results, an approximation model 
was proposed to estimate Coffin-Manson parameters for low and medium carbon steels as 
a function of Brinell hardness, HB, and modulus of elasticity, E, as (Roessle and Fatemi, 
2000): 
 
      
0.56-                               0.09,- = 
 , 000,19148732.0
1









Therefore, the strain-life (ε-N) curve for steels can be determined by substituting 
fatigue properties from Equation (1.5) into Equation (1.1) as: 
 













Although there are other embrittlement mechanisms contributing to fatigue failure 
in irradiated metallic materials, the uniaxial fatigue approximation models, such as the 
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Bäumel-Seeger uniform material law and Roessle-Fatemi hardness methods, may be able 
to capture fatigue lives of irradiated metals by adjusting monotonic tensile properties 
(ultimate tensile strength and Brinell hardness) to include the effects of radiation and test 
temperature. The main objective of this study is to extend the applicability of two fatigue 
approximation models for unirradiated to irradiated austenitic stainless steels (SS). The 
selected materials include types 304, 304L, and 316 SS, which are extensively used as a 
structural alloy in internal components of reactors. These austenitic materials exhibit 
excellent resistance to corrosion than both ferritic and martensitic counterparts, as well as 
improved high-temperature strength, ductility, and material toughness. In this paper, the 
strain-life data and fatigue test method, including materials descriptions, pre-radiation 
treatments, radiation treatments, and test control modes, obtained from the limited 
experimental data found in the literature, are first presented. Following the experimental 
description, the Bäumel-Seeger uniform material law and Roessle-Fatemi hardness 
methods for estimation of fatigue properties based on monotonic tensile properties are 
reviewed. The correlations between experimentally obtained fatigue lives of unirradiated 
and irradiated austenitic stainless steel specimens and those from the predictive models are 
then examined and discussed. Next, the modified models based on the Bäumel-Seeger 
uniform material law and Roessle-Fatemi hardness methods to predict uniaxial fatigue 
behavior that include the effects of radiation dose, temperature, and void swelling are 
presented and validated using experimental data. Lastly, conclusions are made based on 
the analyses performed in this study. 
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1.3 Experimental data 
Although a more realistic test condition to study fatigue behavior of irradiated 
nuclear reactor structural materials is to perform in-reactor testing, such testing is an 
extremely costly process as well as there are difficulties of controlling and monitoring the 
material deformation under such conditions. Therefore, fatigue studies on reactor materials 
in the literature have exclusively utilized post-irradiation testing. In the present study, the 
fatigue data provided by Beeston and Brinkman (Beeston and Brinkman, 1970), Brinkman 
et al. (Brinkman et al., 1973), and Grossbeck and Liu (Grossbeck and Liu, 1982) were 
analyzed. The effect of irradiation on the fatigue behavior of various types of austenitic 
304, 304L, and 316 SS was investigated in these studies by performing a series of uniaxial 
fatigue tests (Grossbeck and Liu, 1982; Beeston and Brinkman, 1970; Brinkman et al., 
1973). 
In Beeston and Brinkman’s study (Beeston and Brinkman, 1970), various 
irradiation pretreatments, such as annealing, cold-working, and chill-swaged-tempering, 
were performed on the materials to obtain the pretreatment effects on the fatigue behavior. 
The materials were fabricated into cylindrical hourglass shaped specimens with a 5 mm 
diameter at the center of the gage section and 25.4 mm radius of curvature. Although some 
studies in the literature indicated that the fatigue life of the hourglass shaped specimen was 
longer than that of the round-bar specimen (Bui-Quoc and Biron 1978; Nogami et al., 
2013), the hourglass shaped specimen was shown to provide a better resistance to buckling 
in the relatively high strain ranges (Nogami et al., 2013). The chemical compositions and 
pretreatments of the materials were described in detail in (Beeston and Brinkman 1970). 
The specimens were irradiated at 450ºC in either flowing or static sodium, or at 750ºC in 
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argon at fluences of 0.03x1021 to 9.3x1021 n/cm2 with E > 0.1 MeV. After the irradiation, 
fully-reversed strain-controlled cyclic tests were conducted on the irradiated specimens at 
constant strain ranges of 0.7% to 3.5% and the applied strain rate of either 4x10-4 s-1 or 
8x10-4 s-1. All fatigue tests in (Beeston and Brinkman, 1970) were performed using an 
electrohydraulic test machine in an argon atmosphere at four elevated temperatures (400ºC, 
500ºC, 600ºC, and 700ºC). Additionally, the temperature of the specimens were 
continuously monitored and controlled to stay within ±5ºC during testing using two 
thermocouples, attached to both top and bottom of the gage section. Based on the 
experimental results, a slight decrease in fatigue lives for all materials at similar test 
temperatures was obtained by increasing the irradiated temperature from 450°C to 750°C 
(Beeston and Brinkman, 1970). The specimens with prior irradiation treatment 
(cold-worked or chilled-swaged-tempered) exhibited improved fatigue lives when 
compared to the annealed-irradiated specimens at the same test temperature. Furthermore, 
the pre-irradiation treatment was found to have more impact on fatigue lives of irradiated 
austenitic stainless steels as the test temperature raised from 400°C to 600°C and 700°C 
(Beeston and Brinkman, 1970). 
Brinkman, Korth and Beeston (Brinkman et al., 1973) conducted an experimental 
investigation to obtain the influence of irradiation on fatigue behavior of stainless steel 
types 304, 304L, and 316. Additionally, the combined effects of creep-fatigue interaction 
in irradiated type 316 SS was obtained by incorporating tensile hold times into the fatigue 
cycle. All materials in (Brinkman et al., 1973) were solution-annealed prior to being 
machined into the test samples with geometry identical to those in (Brinkman et al., 1973). 
The specimens were then subjected to fluences of 0.4x1022 to 5x1022 n/cm2 with E > 
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0.1 MeV. An experimental setup similar to that in (Beeston and Brinkman, 1970) was used 
in (Brinkman et al., 1973) with constant strain ranges  of 0.35% to 2.4% and at applied 
strain rate of either 8x10-4 s-1 or 6x10-5 s-1. All fatigue tests were conducted at 700 ºC. A 
decrease in tensile ductility in the irradiated materials was found to be proportional to a 
reduced number of cycles to failure. Additionally, a significant fatigue lifetime reduction 
was observed in both unirradiated and irradiated type 316 SS when they were subjected to 
cyclic loadings with hold times in excess of 0.1 hour. 
Additional fatigue data of type 316 SS specimens containing irradiation-induced 
helium performed by Grossbeck and Liu (Grossbeck and Liu, 1982) were included in this 
study. The material was first cold-swaged to 20% reduction in area and annealed at 1050°C 
for 1 hour. The treated material was machined into cylindrical hourglass-shaped specimens 
with a 3.18 mm gage section diameter and 12.7 mm radius of curvature, which is 
approximately half the size of those used in (Beeston and Brinkman 1970; Brinkman et al., 
1973).  After machining, the specimens were subsequently irradiated in the High Flux 
Isotope Reactor (HFIR), producing damage ranging from 5.7 dpa to 15 dpa, with helium 
levels ranging from 200 to 860 atomic parts per million (at ppm). The strain-controlled 
fatigue tests were performed at 0.3% to 2% strain ranges and at a strain rate of 4x10-3 s-1. 
All tests in (Grossbeck and Liu, 1982) were conducted at the reactor operation temperature 
of 430°C. The 316 SS specimens irradiated in a mixed-spectrum reactor were found to 
have a reduced fatigue life by a factor of three to ten when compared to unirradiated 
specimens. 
In the present work, the strain-life fatigue data of a total of 63 unirradiated and 100 
irradiated stainless steel specimens obtained from three studies (Grossbeck and Liu, 1982, 
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Beeston and Brinkman, 1970; Brinkman et al., 1973) were analyzed. The collected data are 
tabulated in Tables 1.1-1.3 for 304, 304L, and 316 stainless steels, respectively. The 
pretreatment condition, radiation dose (fluence), test temperature, strain amplitude, the 






Table 1.1 Fatigue properties of type 304 stainless steels (Beeston and Brinkman, 
1970; Brinkman et al., 1973) 





















0.51 481 7,580 
Note 1 Anneal 1.01 834 1,099 
Note 1 Anneal 1.51 941 357 
Note 1 CW - 13% 0.97 1,118 1,070 
Note 1 
CW - 13% 1.34 1,206 685 
Note 1 
Anneal 5E+19 450°C – S 0.32 490 30,200 
Note 1 
CST 6E+19 450°C - S 1.05 785 788 
Note 1 CST 7E+19 450°C - F 0.55 549 11,000 
Note 1 CW - 11% 7E+19 450°C - F 0.36 637 25,277 
Note 1 CW - 11% 7E+19 450°C - S 1.74 1,059 231 
Note 1 
Anneal 1.3E+20 450°C - S 1.03 961 483 
Note 1 
CST 1.3E+20 450°C - S 0.33 628 54,794 
Note 1 
CW - 11% 1.7E+20 450°C - S 1.85 1,098 195 
Note 1 CST 1.8E+20 450°C - F 0.36 520 13,012 
Note 1 CW - 11% 2E+20 450°C - F 0.76 785 3,005 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW -11% = cold-worked after swaging 11% reduction in area 
**A = argon, S = static sodium, F = flowing sodium   
Note 1, Beeston and Brinkman, 1970 




Table 1.1 (continued) 
 















CW - 11% 4.2E+20 450°C - S 
 
1.28 941 657 
Note 1 
CST 4.6E+20 450°C - F 1.33 804 610 
Note 1 
CW - 11% 5.8E+20 450°C - F 1.47 1,000 396 
Note 1 
CST 8.5E+20 450°C - S 1.08 824 786 
Note 1 
CW - 11% 1.2E+21 450°C - S 0.36 686 15,041 
Note 1 
CST 1.4E+21 450°C - F 1.49 883 566 
Note 1 
CW - 11% 1.6E+21 450°C - F 0.74 804 2,883 
Note 1 
Control 






















0.32 471 10,407 
Note 1 
Control 0.33 490 7,969 
Note 1 
Control 0.5 530 4,698 
Note 1 
Control 0.52 500 4,803 
Note 1 
Control 0.53 530 4,666 
Note 1 
Control 0.85 706 714 
Note 1 
Control 0.94 706 832 
Note 1 
Anneal 3E+19 450°C - F 0.32 471 7,690 
Note 1 
Anneal 7E+19 450°C - F 0.31 451 9,000 
Note 1 
Anneal 1.8E+20 450°C - F 0.97 843 197 
Note 1 
Anneal 9.3E+20 450°C - S 0.53 588 1,797 
Note 1 
Anneal 1.7E+21 450°C - S 0.9 755 717 
Note 1 
Anneal 3.6E+21 750°C - A 0.42 530 3,912 
Note 1 
Anneal 4E+21 750°C - A 0.25 412 14,025 
Note 1 
Anneal 4.5E+21 750°C - A 0.8 667 490 
Note 1 
Anneal 4.9E+21 750°C - A 0.43 549 3,162 
Note 1 







0.35 157 18,964 
Note 2 
Solution-annealed 0.55 167 3,965 
Note 2 
Solution-annealed 1.01 216 882 
Note 2 
Solution-annealed 2.41 255 245 
Note 2 
Solution-annealed 1.5E+22 750°C - A 1.04 196 520 
Note 2 
Solution-annealed 1.7E+22 750°C - A 0.57 167 2,453 
Note 2 
Solution-annealed 2.9E+22 750°C - A 2.45 255 22 
Note 2 
Solution-annealed 3E+22 750°C - A 0.35 147 14,108 
 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW -11% = cold-worked after swaging 11% reduction in area 
**A = argon, S = static sodium, F = flowing sodium         
Note 1, Beeston and Brinkman, 1970      
Note 2, Brinkman et al., 1973 




Table 1.2 Fatigue properties of type 304L stainless steels (Beeston and Brinkman, 
1970; Brinkman et al., 1973) 


















Note 1 Control 
0 - 
500 
0.33 373 19,857 
Note 1 Control 0.34 392 15,906 
Note 1 Control 0.51 490 5,051 
Note 1 
Control 0.51 471 4,958 
Note 1 
Control 1.32 706 500 
Note 1 
Control 1.37 608 538 
Note 1 Control 1.82 706 322 
Note 1 Anneal 2.7E+21 750°C - A 0.51 490 3,364 
Note 1 Anneal 2.8E+21 750°C - A 1.25 706 499 
Note 1 
Anneal 4.7E+21 750°C - A 0.34 461 9,165 
Note 1 





1 451 1,400 
Note 2 Solution-annealed 1 451 1,600 
Note 2 Solution-annealed 1 451 2,500 
Note 2 Solution-annealed 2.3 451 370 
Note 2 
Solution-annealed 0.42 451 60,000 
Note 2 
Solution-annealed 1.1E+22 750°C - A 0.42 775 29,000 
Note 2 
Solution-annealed 1.1E+22 750°C - A 1 775 600 
Note 2 Solution-annealed 1.1E+22 750°C - A 1 775 800 
Note 2 Solution-annealed 1.1E+22 750°C - A 2.4 775 153 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min   
**A = argon 
Note 1, Beeston and Brinkman, 1970   









Table 1.3 Fatigue properties of type 316 stainless steels (Grossbeck and Liu, 1982; 




















Note 1 Anneal 
0 - 
400 
1.02 853 1,537 
Note 1 Anneal 1.44 1,138 235 
Note 1 CW - 13% 1.02 1,216 1,568 
Note 1 
CW - 13% 1.29 1,216 875 
Note 1 
CW - 11% 1.60E+19 450°C - S 1.5 1,206 249 
Note 1 
Anneal 3.00E+19 450°C - F 1 922 1,350 
Note 1 CW - 11% 3.00E+19 450°C - F 1.73 1,245 198 
Note 1 CW - 11% 1.90E+20 450°C - S 1.26 1,138 521 
Note 1 CW - 11% 2.10E+20 450°C - F 2.08 1,422 88 
Note 1 
Anneal 3.80E+20 450°C - S 0.36 628 23,835 
Note 1 
CW - 11% 4.00E+20 450°C - S 0.38 843 23,956 
Note 1 
CW - 11% 5.50E+20 450°C - F 0.76 902 3,112 
Note 1 Anneal 8.60E+20 450°C - S 0.55 686 11,000 
Note 3 CW - 20% 
0 - 430 
2 1,178 2,500 
Note 3 CW - 20% 1.5 1,089 2,602 
Note 3 CW - 20% 1.4 1,156 6,920 
Note 3 CW - 20% 
1.2 1,089 14,150 
Note 3 CW - 20% 
1 1,067 17,100 
Note 3 CW - 20% 
1 1,067 10,060 
Note 3 CW - 20% 
1 1,067 20,130 
Note 3 CW - 20% 
0.7 978 59,001 
Note 3 CW - 20% 0.6 956 57,668 
Note 3 CW - 20% 0.6 956 113,485 
Note 3 CW - 20% 0.5 933 458,651 
Note 3 CW - 20% 
0.5 933 112,045 
Note 3 CW - 20% 
0.5 933 207,475 
Note 3 CW - 20% 
0.4 778 358,390 
Note 3 CW - 20% 0.4 778 346,641 
Note 3 CW - 20% 0.4 778 138,692 
Note 3 CW - 20% 0.4 778 193,120 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW - 11% = cold-worked after swaging 11% reduction in area,  
  CW - 20% = cold-worked after swaging 20% reduction in area 
 **A = argon, S = static sodium, F = flowing sodium 
Note 1, Beeston and Brinkman, 1970   
Note 2, Brinkman et al., 1973 



























Note 3 CW - 20% 0  430°C 0.4 767 >10,020,350 
Note 3 CW - 20%    0.3 756 >12,482,411 
Note 3 CW - 20% 6.9E+21 
430°C - A  
1 1,289 3,164 
Note 3 CW - 20% 8.5E+21 1.5 1,400 1,272 
Note 3 CW - 20% 
8.5E+21 
430°C - A 430 
1 1,289 1,881 
Note 3 CW - 20% 0.5 933 105,097 
Note 3 CW - 20% 
1.0E+22 
0.4 778 54,480 
Note 3 CW - 20% 0.4 767 94,920 
Note 3 CW - 20% 0.3 756 >11,124,513 
Note 3 CW - 20% 1.1E+22 2 1,444 1,400 
Note 3 CW - 20% 
1.2E+22 
2 1,444 450 
Note 3 CW - 20% 1 1,289 6,934 
Note 3 CW - 20% 0.7 1,200 3,616 
Note 3 CW - 20% 
1.4E+22 
1.5 1,400 2,220 
Note 3 CW - 20% 0.5 933 8,695 
Note 3 CW - 20% 1.6E+22 0.7 1,200 1,940 
Note 3 CW - 20% 
1.9E+22 
2 1,444 483 
Note 3 CW - 20% 1 1,289 4,210 
Note 3 CW - 20% 0.5 933 26,175 
Note 3 CW - 20% 0.4 767 72,570 
 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW - 11% = cold-worked after swaging 11% reduction in area,  
  CW - 20% = cold-worked after swaging 20% reduction in area 
 **A = argon, S = static sodium, F = flowing sodium 
Note 1, Beeston and Brinkman, 1970   
Note 2, Brinkman et al., 1973 






































































0.3 490 8,844 
Note 1 Control 0.31 490 6,922 
Note 1 Control 0.32 549 4,333 
Note 1 
Control 0.33 588 5,270 
Note 1 
Control 0.51 608 3,181 
Note 1 
Control 0.52 608 2,383 
Note 1 Control 0.96 765 702 
Note 1 Control 0.96 726 607 
Note 1 Control 0.98 628 703 
Note 1 
Control 1 765 621 
Note 1 
CST 3E+19 450°C - F 1.49 1,039 115 
Note 1 
Anneal 6E+19 450°C - S 0.95 726 248 
Note 1 CST 6E+19 450°C - S 0.33 588 8,942 
Note 1 CST 7E+19 450°C - F 0.54 745 1,464 
Note 1 Anneal 9E+19 450°C - F 0.35 569 3,008 
Note 1 
CST 1.3E+20 450°C - S 0.53 785 1,326 
Note 1 
Anneal 1.4E+20 450°C - S 0.34 608 3,429 
Note 1 
Anneal 2.4E+20 450°C - F 1.23 853 111 
Note 1 CST 4.4E+20 450°C - F 0.36 686 5,304 
Note 1 Anneal 7.1E+20 450°C - F 0.33 637 7,390 
Note 1 CST 7.1E+20 450°C - S 1.12 843 316 
Note 1 
CST 1.3E+21 450°C - F 1.21 892 283 
Note 1 
CST 1.4E+21 450°C - S 0.35 686 6,937 
Note 1 
Anneal 1.9E+21 750°C - A 0.53 745 1,831 
Note 1 Anneal 2E+21 450°C - F 0.54 696 465 
Note 1 Anneal 2.2E+21 750°C - A 0.32 618 5,440 
Note 1 Anneal 3E+21 750°C - A 0.81 726 682 
Note 1 Anneal 3.2E+21 750°C - A 0.97 765 403 
Note 1 
Anneal 4.3E+21 750°C - A 0.25 412 7,788 
Note 1 
Anneal 5.4E+21 750°C - A 0.41 539 3,389 
Note 1 Anneal 6.3E+21 750°C - A 0.26 490 5,683 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW - 11% = cold-worked after swaging 11% reduction in area,  
  CW - 20% = cold-worked after swaging 20% reduction in area 
 **A = argon, S = static sodium, F = flowing sodium 
Note 1, Beeston and Brinkman, 1970   
Note 2, Brinkman et al., 1973 

































1.28 647 141 
Note 2 Solution-annealed 0.51 500 4,000 
Note 2 Solution-annealed 1 500 1,200 
Note 2 
Solution-annealed 2.5 500 160 
Note 1 
CST 5.1E+21 750°C - A 0.27 569 6,600 
Note 1 
CST 5.4E+21 750°C - A 1.22 686 114 
Note 1 Anneal 5.6E+21 750°C - A 1.22 637 87 
Note 1 CW - 11% 6.2E+21 750°C - A 0.52 588 495 
Note 1 CW - 11% 6.2E+21 750°C - A 1.22 667 134 
Note 1 
CST 7.1E+21 750°C - A 0.57 588 565 
Note 1 
Anneal 8.5E+21 750°C - A 0.28 451 1,975 
Note 1 
CW - 11% 8.5E+21 750°C - A 0.28 431 1,603 
Note 1 Anneal 9.3E+21 750°C - A 0.51 530 220 
Note 2 Solution-annealed 1.5E+22 750°C - A 0.36 814 33,000 
Note 2 Solution-annealed 1.5E+22 750°C - A 0.58 814 1,800 
Note 2 
Solution-annealed 1.5E+22 750°C - A 1 814 500 
Note 2 
Solution-annealed 1.5E+22 750°C - A 2.5 814 82 
 
*Control = heated at 750°C in helium for 1,500 hours, Anneal = anneal at 1075°C for 30 minutes and cooled at 100 
°C/min,   
  CST = chilled-swaged-tempered, CW - 11% = cold-worked after swaging 11% reduction in area,  
  CW - 20% = cold-worked after swaging 20% reduction in area 
 **A = argon, S = static sodium, F = flowing sodium 
Note 1, Beeston and Brinkman, 1970   
Note 2, Brinkman, et al., 1973 
Note 3, Grossbeck and Liu, 1982 
1.4 Fatigue life prediction of irradiated stainless steels 
Because the experiment data used in this study was obtained from un-irradiated and 
irradiated stainless steel specimens at various test temperatures, the effects of test 
temperature as well as radiation dose on their mechanical properties should be incorporated 
into the fatigue models. In this section, the uniform material law (Bäumel and Seeger, 
1990) and Roessle-Fatemi hardness (Roessle and Fatemi, 2000) methods are employed and 
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extended for irradiated stainless steels.  The comparisons between the experimental and 
predictive fatigue lives using both models are presented. 
1.4.1 Uniaxial fatigue life predictions with test temperature effect 
To account for the effects of temperature on the tensile properties of unirradiated 
materials, the thermal-mechanical property relation was derived for unirradiated stainless 
steels as presented in (Rashid et al., 2010).  It was found that the tensile properties could 
be represented in terms of temperature, T, by using the fourth order polynomial expression 
as (Rashid et al., 2010): 
 
2 3 4
0 1 2 3 4Property( )T C C T C T C T C T      (1.7) 
where T is test temperature in ºC, and the coefficients C0, C1, C2, C3, and C4 are determined 
from curve fitting to the experimentally obtained tensile properties, which can be either 
elastic modulus, Poisson’s ratio, yield strength, ultimate tensile strength, uniform 
elongation (elongation at maximum load prior to the onset of necking in a tensile test), or 
total elongation. In this study, unirradiated material properties for annealed type 300-series 
SS from (Davis and Smith, 1996) were used as reference properties; thus, the ultimate 
tensile strength, ,U  and elastic modulus, E, in MPa were calculated using Equations (1.8) 
and (1.9), respectively (Rashid et al., 2010). 
 
3 2 5 3 9 4
U ( ) 617.3 (1.78) (7.07x10 ) (1.08x10 ) (4.89x10 )T T T T T
      
 (1.8) 
 
( ) 200,380 (81.2)E T T 
 (1.9) 
The Brinell hardness, HB, of a material can be obtained as a function of test 
temperature by substituting the relation between Brinell hardness, HB, and ultimate tensile 
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stress, ,U where the ultimate tensile stress is approximately equal to 3.45 times the Brinell 
hardness, into Equation (1.8) as: 
 
4-93-62-3 )x1042.1()x1013.3()x1005.2()52.0(9.178)( TTTTTHB   (1.10) 
By either including the expression of ultimate tensile strength (Equation (1.8)) into 
the Bäumel-Seeger uniform material law (Equation (1.4)) or substituting the Brinell 
hardness equation (Equation (1.10)) into the Roessle-Fatemi hardness method (Equation 
(1.6)), the fatigue property values of stainless steel were estimated. The predictive fatigue 
lives using the two methods with the test temperature correction are compared to those 
obtained experimentally, as shown in Figures 1.1, 1.2 and 1.3 for the Bäumel-Seeger 
uniform material law and Figures 1.4, 1.5 and 1.6 for the Roessle-Fatemi hardness method, 
respectively. Scatter bands of 3 and 5 were also calculated and included in these figures. It 
should be noted that a factor of 3 represents the predicted lives that are 3 times longer or 3 
times shorter than the experimentally observed lives. Similarly, a factor of 5 corresponds 
to the predicted lives that are either 5 times shorter or longer than the experimental data. 
Figure 1.1 presents the predicted lives of type 304 SS at test temperatures of 400°C, 
500°C, and 700°C based on the Bäumel-Seeger approach with material properties corrected 
for temperature. About 98% of the data at all temperatures are within scatter bands of 5 
and about 92% of the data are within scatter bands of 3. The majority of the predictions 
that fall outside of a factor of 3 are from irradiated specimens. Figure 1.2 represents the 
fatigue data of type 304L SS at 500°C and 700°C. Overall, the predictions are in good 
agreement with the experimental data, especially for those at 500°C based on the 
Bäumel-Seeger approach with material properties corrected for temperature.  Life 
predictions for type 304L SS resulted in 93% of the data failing within scatter bands of 5 
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and 85% within scatter bands of 3.  Lastly, the predictions for type 316 SS at 400°C, 430°C, 
600°C, and 700°C again based on the Bäumel-Seeger approach with material properties 
corrected for temperature are displayed in Figure 1.3. Approximately 79% of the data are 
within scatter bands of 5 and about 57% of the data are within scatter bands of 3. As can 
be seen, the estimated lives correlated reasonably well to the test data at 400°C. However, 
the Bäumel-Seeger uniform material law with only temperature correction over-predicts 
fatigue lives of irradiated specimens at higher test temperatures (430°C, 600°C, and 
700°C), resulting in non-conservative fatigue life predictions. 
Similar trends in life predictions using the Roessle-Fatemi hardness method with 
temperature correction may be noticed in Figures 1.4, 1.5 and 1.6. In general, the 
Bäumel-Seeger uniform material law seems to provide slightly more accurate fatigue life 
predictions than the Roessle-Fatemi hardness method when the fatigue parameters are 
corrected for temperature. As seen in Figure 1.4, 96% and 81% of type 304 SS data are 
within scatter bands of 5 and 3, respectively, based on Roessle-Fatemi approach with 
material properties corrected for temperature. A good agreement between the predicted 
fatigue lives of type 304L SS and the experimentally observed data is obtained as shown 
in Figure 1.5, where 95% of the predicted data are within both scatter bands of 5 and 3. 
However, for type 316 SS in Figure 1.6, 73% of the data are within scatter bands of 5 and 
approximately 54% fall within scatter bands of 3, based on Roessle-Fatemi approach with 
material properties corrected only for temperature. Overall, both methods yielded fairly 
similar fatigue life approximations for the selected austenitic stainless steel specimens at 
all test temperatures. Less accurate predictions for the data of irradiated specimens are 




Figure 1.1 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
temperature correction versus observed lives with factor of 3 and 5 scatter 
bands for type 304 SS. 
 
Figure 1.2 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
temperature correction versus observed lives with factor of 3 and 5 scatter 






















SS 304, 400°C - unirradiated
SS 304, 400°C - irradiated
SS 304, 500°C - unirradiated
SS 304, 500°C - irradiated
SS 304, 700°C - unirradiated
SS 304, 700°C - irradiated
Factor of 3 - 92%






















SS 304L, 500°C - unirradiated
SS 304L, 500°C - irradiated
SS 304L, 700°C - unirradiated
SS 304L, 700°C - irradiated
Factor of 3 - 85%




Figure 1.3 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
temperature correction versus observed lives with factor of 3 and 5 scatter 
bands for type 316 SS 
 
Figure 1.4 Predicted fatigue lives using Roessle-Fatemi hardness method with 
temperature correction versus observed lives with factor of 3 and 5 scatter 
























SS 316, 400°C - unirradiated
SS 316, 400°C - irradiated
SS 316, 430°C - unirradiated
SS 316, 430°C - irradiated
SS 316, 600°C - unirradiated
SS 316, 600°C - irradiated
SS 316, 700°C - unirradiated
SS 316, 700°C - irradiated
Factor of 3 - 57%
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SS 304, 400°C - irradiated
SS 304, 500°C - unirradiated
SS 304, 500°C - irradiated
SS 304, 700°C - unirradiated
SS 304, 700°C - irradiated
Factor of 3 - 81%




Figure 1.5 Predicted fatigue lives using Roessle-Fatemi hardness method with 
temperature correction versus observed lives with factor of 3 and 5 scatter 
bands for type 304L SS 
 
Figure 1.6 Predicted fatigue lives using Roessle-Fatemi hardness method with 
temperature correction versus observed lives with factor of 3 and 5 scatter 
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1.4.2 Uniaxial fatigue life predictions with test temperature and radiation dose 
effects 
Although relatively acceptable fatigue life predictions were obtained for 
unirradiated and irradiated austenitic stainless steel specimens using both the 
Bäumel-Seeger uniform material law and the Roessle-Fatemi hardness method-, irradiation 
effects on fatigue behavior should also be included in these approximation models. Overall, 
for the test data analyzed in the present study, the fatigue lives ranging between 400 and 
12,500,000 cycles were obtained for specified strain amplitudes between 0.3% to 2.5%. 
The irradiated specimens with fluence less than 1023 n/cm2 and E>0.1 MeV were reported 
to have fatigue lives of approximately 1.5 to 2.5 times lower than those of unirradiated 
specimens at the same strain amplitude and test temperature (Beeston and Brinkman, 1970; 
Brinkman et al., 1973); therefore, the effects of irradiation should be included in the fatigue 
life approximation models. 
To include irradiation effects in the fatigue life approximation models, the 
correlations for estimating the tensile properties as a function of radiation dose derived in 
(Rashid et al., 2010) was employed in this study. In their investigation (Rashid et al., 2010), 
the mechanical properties of irradiated cold-worked type 316 SS and solution-annealed 
type 304 SS at 330°C test temperature were obtained. The tensile properties were then 









     
     (1.11) 
where the coefficients A0, A1, and d0 were obtained from curve fits of the experimental data 
and d is the radiation dose in displacements per atom (dpa). It should be noted that 7 dpa 
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corresponds to 1022 n/cm2 with E = 0.1 MeV. The tensile properties considered in (Rashid 
et al., 2010) include yield strength, ultimate tensile strength, uniform elongation, and total 
elongation. Based on the correlation in Equation (1.11), the ultimate tensile strength at 
330°C of type 304 SS, which was used for both 304 and 304L (Argonne National 
Laboratory, 2010), and type 316 SS could be approximated from the radiation dose using 
Equations (1.12) and (1.13), respectively. 
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     
    (1.13) 
where the units of ultimate tensile strength in Equations (1.12) and (1.13) are in MPa. It 
should be noted that, in Equations (1.12) and (1.13), the ultimate tensile strength of 
unirradiated types 304 and 304L SS is 450 MPa at 330°C and that of unirradiated type 316 
SS is 650 MPa at 330°C. 
In order to obtain the ultimate tensile strength as a function of both radiation dose, 
dose, and test temperature, T, the ultimate tensile strength at test temperature of 330C was 
first expressed using Equation (1.7) and equated to that obtained using Equation (1.11) at 
a given neutron fluence. By applying the superposition principle for linear differential 
equations, the differences between these two expressions was then added to the right hand 
side of Equation (1.7), which yielded a function of ultimate tensile strength based on both 
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where the coefficients C1, C2, C3, and C4 are constants in Equation (1.8). The coefficients 
A0, A1, and d0 were expressed in Equations (1.12) and (1.13) for types 304 and 316 SS, 
correspondingly. Therefore, the ultimate tensile strength, ,U  of types 304 and 316 SS 
could be approximated using Equations (1.15) and (1.16), respectively. 
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 (1.15) 
𝜎𝑈(𝑇, 𝑑) = 650 + 1.78(𝑇 − 330) + (7.07 × 10
−3
) [𝑇2 − (330)2] − (1.08 ×
10−5) (𝑇3 − (330)3) + (4.9 × 10−9) [𝑇4 − (330)4] + 330 [1 − 𝑒𝑥𝑝 (−
𝑑
3
)]         (1.16) 
After the ultimate tensile strength as a function of test temperature and radiation 
dose was obtained, the Brinell hardness of types 304 and 316 SS as a function of both test 
temperature and radiation dose was calculated. A plot of ultimate tensile strength and 
Brinell hardness as a function of radiation dose of stainless steel specimens at various test 
temperatures is presented in Figure 1.7.  Generally, when increasing the neutron irradiation 
fluence, the ultimate tensile strength and yield strength are expected to increase, whereas 
the elongation and reduction in area typically decrease (Stephens et al., 2000).  As seen in 
Figure 1.7, all specimens exhibit an increase in both ultimate tensile strength and Brinell 
hardness as the radiation dose increases. The radiation dose seems to have a significant 
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effect on both properties for all specimens with radiation dose below 10 dpa.  At radiation 
doses above 10 dpa, both material properties appear to be steady. 
 
Figure 1.7 Ultimate tensile strength and Brinell hardness of irradiated types 304, 304L 
and 316 stainless steels as functions of radiation dose. 
By substituting Equation (1.15) and Equation (1.16) into Equation (1.4) to address 
both the test temperature and radiation effects, the fatigue lives of types 304, 304L, and 
316 SS may be predicted using the Bäumel-Seeger uniform material law method. The plot 
of the predicted and experimentally obtained fatigue lives is shown in Figures 1.8, 1.9 and 
1.10. As seen, no improvement of the correlations between the experimental and predicted 
fatigue lives is obtained by considering test temperature and radiation corrections. This is 
possibly due to the fact that, in Equation (1.4), both temperature and radiation corrections 
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Figure 1.8 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation and temperature corrections versus observed lives with factor of 3 
and 5 scatter bands for type 304 SS. 
 
Figure 1.9 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation and temperature corrections versus observed lives with factor of 3 






















SS 304, 400°C - unirradiated
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Figure 1.10 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation and temperature corrections versus observed lives with factor of 3 
and 5 scatter bands for type 316 SS. 
 
Similarly, by incorporating the temperature and radiation dose corrections into the 
Brinell hardness expression, the fatigue lives for types 304, 304L, and 316 SS were 
approximated using the Roessle-Fatemi hardness method, as shown in Figures 1.11, 1.12 
and 1.13. Again, comparable results in life predictions that include both temperature and 
radiation effects to those presented in Figures 1.4, 1.5 and 1.6 for data of all materials 
considered in this study are obtained. Approximately 94% of total data of type 304 SS are 
within the scatter bands of 5 and 81% of the data are within the scatter bands of 3 as 
presented in Figure 1.11.  No improvement in life prediction that includes temperature and 
radiation corrections is obtained for type 304L SS, as seen in Figure 1.12. For type 316 SS 
in Figure 1.13, about 77% of the total data are within the scatter bands of 5 and 56% of the 
total data are within the scatters band of 3. As illustrated in these figures, by including the 
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SS 316, 600°C - unirradiated
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SS 316, 700°C - irradiated
Factor of 3 - 57%
Factor of 5 - 78%
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hardness method, no significant improvement in fatigue life prediction for type 316 SS is 
observed. 
 
Figure 1.11 Predicted fatigue lives using Roessle Fatemi hardness method with 
radiation and temperature corrections versus observed lives with factor of 3 
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Figure 1.12 Predicted fatigue lives using Roessle Fatemi hardness method with 
radiation and temperature corrections versus observed lives with factor of 3 
and 5 scatter bands for (a) type 304L SS. 
 
Figure 1.13 Predicted fatigue lives using Roessle Fatemi hardness method with 
radiation and temperature corrections versus observed lives with factor of 3 
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1.5 Irradiation-induced voids in austenitic stainless steels 
It is known that the exposure to radiation leads to the formation and growth of 
microscopic defects or swelling in the materials. The microscopic swelling is typically 
formed from the separation of radiation-produced vacancies into voids during high 
temperature irradiation that result in a significant decrease in material density and an 
increase in volume (Was, 2007). The volumetric swelling from void formation is reported 
to have a potential to deteriorate nuclear reactor internal structural mechanical properties 
associated with the change in microstructure (Garner, 1994).  An example of voids 
observed in irradiated stainless steel at the temperature of 335°C and dose level of 73 dpa 
is presented in Figure 1.14 (Porollo et al., 1998).  As can be seen from this figure, the small 
cavities are crystallographically-faceted in shape, range from tens to thousands of 
nanometers in diameter, and are filled with gases such as nitrogen, oxygen, helium, and 
hydrogen (Garner, 2010). The cavity size and concentration are also significantly affected 




Figure 1.14 Voids observed in annealed EI-847 after irradiation at 335°C and 73 dpa 
(Porollo et al., 1998). 
 
Void swelling was first observed in irradiated austenitic stainless steels by 
Cawthorne and Fulton in the late 1960’s (Cawthorne and Fulton, 1967).  As a result, 
intensive research has been devoted to develop theories and conduct critical experiments 
regarding void swelling to understand its mechanism, as well as to design swelling resistant 
alloys. Moreover, void swelling in the 300-series austenitic SS was observed to be 
dependent on temperature, and generally occurred at temperatures above 340°C (Chopra, 
2010). In this study, a void swelling model for irradiated austenitic stainless steels proposed 
by the Materials Reliability Program at the Electric Power Research Institute (Rashid et al., 
2010) was employed and incorporated into the fatigue approximation models. The swelling 
data on types 304 and 316-SS were collected using the in-situ non-destructive testing 
measurement over the temperature range of 370-430°C and radiation dose rates of 0.4x10-7 
to 1.0x10-7 dpa/s (Fournier et al., 2009; Rashid et al., 2010). It was observed that, under 
similar irradiation temperature and neutron dose levels, the lower neutron dose rates 
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yielded higher swelling in the materials (Fournier et al., 2009). The swelling data in 
(Fournier et al., 2009; Rashid et al., 2010) was then fitted into Equations (1.17) and (1.18) 
for types 304 and 316 SS, respectively, to represent the swelling rate in terms of 
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 (1.18) 
where S  is the rate of change of swelling with respect to dose in %/dpa,   is the neutron 
dose in dpa, and & is the neutron dose rate in the units of 10-7 dpa/s. It should be noted that 
Equations (1.17) and (1.18) are based on the maximum volumetric swelling rate, ,S   of 
1% dpa. In this study, the irradiation dose rate,&, of 10x10-7 dpa/s was assumed (Rashid 
et al., 2010) and the stress-enhanced swelling term was implemented as (Toloczko and 
Garner et al., 2004): 
 )1('   FSS  (1.19) 
where ΔS is the incremental swelling in %, Δϕ is the neutron dose increment in dpa, and
 is the von Mises effective stress range in MPa. The correction factor, F, in Equation 
(1.19) is 0.005 1/MPa, which was obtained from the experimental data of cold-worked type 
316 SS. The quantity, S, in Equation (1.19) was inserted into the constitutive equations 
for stainless steels derived in (Rashid et al., 2010) and integrated to obtain the 
dimensionless total volumetric swelling strain, S , as (Rashid et al., 2010): 
 )1('   FSS  (1.20) 
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In this study, the von Mises effective stress range,  , in Equation (1.20) was 
assumed to be the total stress range of the specimen and the correction factor, F, of 0.005 
1/MPa was applied to both type 304 and 304L SS.  By rearranging Equation (1.20), the 











  (1.21) 
In order to correlate the parameters in Equation (1.21) to the experimental data of 
irradiated specimens used in this study, a modified expression for the constant term F  
was introduced to eliminate the division by zero. The parameter Kvoid = F  was then 
obtained empirically by adding a constant to both the numerator and denominator using 
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where a void swelling constant, Nvoid, was obtained via iteration for a given fatigue data 
set. In this study, the void swelling constant, Nvoid, was determined to be 30. 
Formation of voids also leads to measurable changes in the elastic modulus, E, of 
the irradiated metallic materials. The void swelling-induced changes in the elastic modulus 












The void swelling correction was then incorporated into the Bäumel-Seeger 
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where the volumetric swelling strain, S, is in %. The constant ψ was obtained by using 
Equation (1.3) that is based on the ultimate tensile strength, ,U and modulus of elasticity, 
E, with test temperature, radiation dose, and void swelling corrections (Equation (1.23)).  
The constant ψ in Equation (1.24) for a given set of fatigue data was determined to be 
approximately equal to one. The fatigue strength exponent, b, and ductility exponent, c, 
remain the same as -0.087 and -0.58, respectively. 
Additionally, the presence of helium was reported to reduce the ultimate tensile 
strength and fatigue life of type 316 SS irradiated specimens tested at 430ºC , which was 
included in this study (Grossbeck and Liu, 1982). To account for the effects of helium 
embrittlement in the fatigue approximation models, the experimental tensile properties of 
irradiated type 316 SS with fluences ranging from 0.9x1026 to 2.1x1022 n/cm2 with E > 
0.1 MeV and helium ranging from 290 to 1,020 ppm reported in (Grossbeck and Liu, 1982) 
were used. The ultimate tensile strength at 430ºC was calculated using Equation (1.16), 
and the difference between the calculated and experimental ultimate tensile strength values 
was used as the correction factor for helium concentration in these irradiated specimens. 
The fatigue lives of types 304, 304L, and 316 SS were obtained using the 
Bäumel-Seeger uniform material law with fatigue strength coefficient, ,f  and fatigue 
ductility coefficient, ,f  in Equation (1.24). The predicted lives are plotted against the 
experimental data in Figures 1.15, 1.16 and 1.17. A fairly acceptable correlation between 
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the experimental fatigue lives and predicted lives based on the Bäumel-Seeger approach 
with material properties corrected for temperature, radiation, and void swelling is observed. 
As illustrated in Figure 1.15 for type 304 SS, all predicted fatigue lives are within a factor 
of 5 scatter bands and 94% of the data are within a factor of 3 scatter bands. Approximately 
95% of type 304L SS data are within scatter bands of 5, while 85% of the data are within 
the scatter bands of 3 (Figure 1.16). About 94% and 73% of type 316 SS data are within 
scatter bands of 5 and 3, respectively (Figure 1.17).  A considerable improvement of the 
life predictions of all types of austenitic stainless steels in this study is obtained by 
including the void swelling correction into the fatigue model based on the Bäumel-Seeger 
uniform material law. The largest improvement in fatigue life predictions is obtained for 
irradiated type 316 SS specimens at test temperatures of 600°C and 700°C, which is more 
sensitive to irradiation and creates more volumetric void swelling when compared to that 
seen in types 304 and 304L SS at the same neutron dose level (Zinkle et al., 2013). The 
effect of irradiation-induced helium on the fatigue lives of type 316 SS specimens at 430°C 




Figure 1.15 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation, temperature, and void swelling corrections versus observed lives 
with factor of 3 and 5 scatter bands for type 304 SS. 
 
Figure 1.16 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation, temperature, and void swelling corrections versus observed lives 
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Figure 1.17 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation, temperature, and void swelling corrections versus observed lives 
with factor of 3 and 5 scatter bands for type 316 SS. 
 
Similarly, using the Roessle-Fatemi hardness method, the fatigue strength and 
ductility coefficients can be corrected for the volumetric void swelling as follows: 
 
     
2
2
4.25 225 0.32 487 191,000 81.22
  ,            
1 (200,380 81.2 ) 1
100 100
f fKvoid Kvoid





   
  
    
      
     
 (1.25) 
The predicted fatigue lives from the Roessle-Fatemi hardness method with test 
temperature, radiation, and void swelling corrections are compared to those obtained 
experimentally in Figures 1.18, 1.19 and 1.20. Comparable life predictions are obtained for 
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SS, the Bäumel-Seeger uniform material law yields a better life prediction than those 
obtained using the Roessle-Fatemi hardness method. In Figure 1.20, approximately 88% 
of type 316 SS data are within scatter bands of 5 and about 72% are within scatter bands 
of 3. As can be seen in Figures 1.17 and 1.20 for the data at approximately one half the 
melting temperature of austenitic type 316 SS (i.e., 600C and 700C), the effect of high 
test temperature on fatigue behavior is not completely captured. This is perhaps due to the 
fact that the approximate fatigue models are derived for lower test temperatures (Rashid et 
al., 2010); therefore, there is some test temperature effect on fatigue lives that cannot be 
fully accounted for in the ductility and strength coefficients in Equations (1.24) and (1.25). 
However, the correlation based on fatigue approximation model with test temperature, 
radiation, and void swelling corrections is still within 88% for scatter bands of 5. 
Additionally, from Equations (1.24) and (1.25), one can conclude that there is an increase 
in the volume swelling strain within the material as test temperature and radiation dose 
level increase. For a given material irradiated at the same dose levels and tested at the test 
temperature condition, smaller void swellings can be obtained in the short-cycle fatigue 
regime. These small voids can coalesce into larger voids as the material undergoes 




Figure 1.18 Predicted fatigue lives using Roessle-Fatemi hardness method with 
radiation, temperature, and void swelling corrections versus observed lives 
with factor of 3 and 5 scatter bands for type 304 SS. 
 
Figure 1.19 Predicted fatigue lives using Roessle-Fatemi hardness method with 
radiation, temperature, and void swelling corrections versus observed lives 
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Figure 1.20 Predicted fatigue lives using Roessle-Fatemi hardness method with 
radiation, temperature, and void swelling corrections versus observed lives 
with factor of 3 and 5 scatter bands for type 316 SS. 
 
Figures 1.21 and 1.22 present the fatigue life predictions for all materials (irradiated 
and unirradiated) at all test temperatures using the modified Bäumel-Seeger uniform 
material law (Figure 1.21) and the Roessle-Fatemi hardness method (Figure 1.22) with test 
temperature, radiation, and void swelling corrections. As can be seen from these figures, 
the proposed approximation fatigue model based on the Bäumel-Seeger uniform material 
law for irradiated austenitic specimens is able to capture approximately 96% and 81% of 
the total data within the scatter bands of 5 and 3, respectively. On the other hand, less 
accurate predictions using the approximation fatigue model based on the Roessle-Fatemi 
hardness method are observed. The scatter bands of 5 represent 92% of the total data, while 
81% of the data are within the scatter bands of 3. Overall, both methods are found to 
provide fairly acceptable predictions of the fatigue lives for both unirradiated and irradiated 
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all test temperatures. However, the fatigue life estimation of in-service structural 
components at high temperatures tends to be a more practical by using the modified 
Roessle-Fatemi hardness method since the hardness of a material, unlike the ultimate 
tensile strength that is required in the Bäumel-Seeger uniform material law, can be obtained 
by a non-destructive evaluation technique. 
 
Figure 1.21 Predicted fatigue lives using Bäumel-Seeger uniform material law with 
radiation, temperature, and void swelling corrections versus observed lives 
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Figure 1.22 Predicted fatigue lives using Roessle-Fatemi hardness method with 
radiation, temperature, and void swelling corrections versus observed lives 
with factor of 3 and 5 scatter bands. 
1.6 Uncertainty analysis 
An uncertainty analysis is documented in Appendix A.  From Brinkman et al 
(Brinkman et al., 1973), the temperature was controlled to within ±5°C.  The uncertainty 
temperature of the irradiated helium induced SS316 cold work is ±35°C at 430°C 
(Grossbeck and Liu, 1982). The uncertainty of the irradiation is taken at ±20% based on 
Regulatory Guide 1.190 for fluence evaluation.  Cold work included for the property of 
ultimate tensile was performed.  The derivation of the cold work relationship is show in 
the uncertainty analysis (Appendix A).  The uncertainty of the cold work is assumed to be 
5%. Overall the uncertainty analysis showed small deviations from the predicted fatigue 
life for both the Bäumel-Seeger Uniform Material Law and the Roessle-Fatemi Hardness 
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Two fatigue approximation models were employed to estimate the strain-controlled 
fatigue properties of irradiated austenitic stainless steels. The selected materials include 
types 304, 304L, and 316 SS, which are typically used to construct core internal 
components of nuclear reactors. The proposed fatigue models are intended for first hand 
fatigue life calculations and considerable additional analysis as well as experimental data 
for validation are required for a better understanding of the material degradation process 
and to obtain more accurate life predictions for components and structures in the reactor 
environment. Such information is considered useful for safe and reliable reactor operation 
as well as life extension. Based on the analyses performed in this study, the following 
conclusions were drawn: 
1) Due to the limited fatigue data for high-fluence specimens of austenitic stainless 
steels, existing fatigue approximation models, the Bäumel-Seeger uniform material 
law method and the Roessle-Fatemi hardness method, derived from the ultimate 
tensile strength and material hardness, were employed and extended for fatigue life 
predictions of irradiated austenitic stainless steels at elevated temperatures.   
2) By including the radiation dose correction into the fatigue models, no 
improvements of the correlations were observed between the predictive fatigue 
lives and the experimental data for all materials when compared to those obtained 
from approximation models with only test temperature correction. 
3) The correlation of fatigue lives obtained experimentally and using fatigue 
approximation models that account for test temperature, radiation dose, and 
volumetric swellings were obtained for a total of 63 unirradiated and 100 irradiated 
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stainless steel specimens. Additionally, the correction to account for the 
irradiation-induced helium in type 316 SS at 430ºC was included in both proposed 
fatigue approximation models. The fatigue behavior of type 316 SS was found to 
be significantly affected by void swelling due to the irradiation. The predicted 
fatigue lives of both unirradiated and irradiated materials at all test temperatures 
compare relatively well with the experimentally observed fatigue lives. More than 
92% of the total data are within scatter bands of 5. 
4) The approximation models proposed in this study provide reasonable fatigue life 
predictions based on only simple monotonic properties. The modified Roessle-
Fatemi hardness method is a more preferred approach to predict the fatigue life of 
the material during operation since the material hardness can be obtained from a 
non-destructive evaluation.  
5) While this study was focused on the uniaxial fatigue behavior of test specimens 
made from materials typically used within the reactor core, actual core components 
are subjected to a multiaxial stress state.  As fatigue has been identified as one of the 
most critical issues in the existing service condition of nuclear reactor, some 
investigations of radiation effects on multiaxial fatigue behavior may be required to 







CRACK GROWTH PREDICTION FOR IRRADIATED STAINLESS STEELS UNDER 
THE COMBINED FATIGUE-CREEP LOADING 
2.1 Abstract 
A methodology is presented in this chapter for estimating the crack growth of 
austenitic stainless steel Types 304, 304L, 316, and 316L, which are commonly used as 
structural materials in nuclear pressure vessels. These structural components are typically 
subjected to neutron irradiation and combined loadings, including repeated mechanical 
stresses (i.e. fatigue) resulting from startups and shutdowns, as well as creep due to on-
load periods at elevated temperature. In this chapter, the fatigue crack length was estimated 
using a strip-yield based fatigue crack growth model. The model is also extended to address 
the effect of creep deformation in a presence of hold- times, and expanded to include the 
effects of irradiation and water environment. Reasonable crack growth estimations are 
obtained for selected materials under various combined loading conditions when compared 
to the experimental data available in the literature. 
2.2 Introduction 
Reactor internals are typically susceptible to aging-related degradation due to their 
operating conditions (i.e. applied thermal and mechanical loading, fast neutron flux 
exposure, reactor coolant water environment, etc.). In most cases, it is recognized that 
mechanical failure in many of these structural components has been attributed to fatigue. 
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An example includes the jet pump beam assembly failure of a boiling water reactor (BWR) 
at the Grand Gulf Nuclear Station in 1993 (Grimes, 1993). Inspection of the failed jet pump 
beam revealed a crack of more than three-quarters of the cross section of the intact end. 
The probable cause of failure was concluded to be the intergranular stress corrosion crack 
that covered 80% of the fracture surface, while the remaining surface was fatigue striations 
that may have resulted in a loss of pre-load (Grimes, 1993). Other examples related to 
fatigue failure of structural components in nuclear power plants have been reported in 
nozzles, pumps, and piping systems (Kussmaul et al., 1984; Lida, 1992). 
The effects of fatigue damage on material deterioration can be further exacerbated 
by the presence of thermal loading, hold-time, and high-temperature water coolant 
environments (Chopra, 2001). Although the American Society of Mechanical Engineers 
(ASME) Boiler and Pressure Vessel Code specifies fatigue design curves for the 
construction of nuclear power plant components (ASME, 1992), the effects of hold-time 
during the loading cycle and dissolved oxygen (DO) environment on the fatigue resistance 
of a material are not specifically addressed. The problem is compounded by the fact that 
the available fatigue data on irradiated materials to obtain the environment effects is 
limited. Such experiment can be extremely expensive from a time and cost perspective. 
In term of the mechanical behavior of irradiated materials, the effects of neutron 
irradiation on tensile properties and creep rate have been established to some extent, 
predominantly for austenitic stainless steels (SS), which are widely used as a structural 
material for internal reactor components (Rowcliffe and Grossbeck, 1984). However, 
relatively few data is available in the literature on fatigue crack growth rate for irradiated 
materials. The majority of the data is those subjected to irradiation in fast breeder reactors. 
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Michel and Smith (Michel and Smith, 1980) observed minimum effects of irradiation of 
11 displacements per atom (dpa) in the Experimental Breeder Reactor II (EBR-II) on 
fatigue crack growth rate for both 20% cold-worked and annealed type 316 SS, at test 
temperature of 427 °C in air. On the other hand, it was reported that the crack growth rate 
increased by a factor of 10 for cold-worked type 316 SS when tested at 593 °C, relative to 
un-irradiated material. In addition, by introducing hold-times, it was observed that the 
crack growth rate accelerated for both 20% cold-worked and annealed type 316 SS (Michel 
and Smith, 1980).   
At lower neutron fluences, fatigue crack growth at 427 °C of Types 304 and 316 
SS irradiated to 6 dpa was reported to be approximately twice higher than those for un-
irradiated materials (Shack and Kassner, 1994). In contrast, no significant effect was 
observed for type 304 SS and cold-worked type 316 SS irradiated to 0.65 and 4.5 dpa in 
EBR-II when tested at 427 °C (James, 1976). In a normal water chemistry BWR 
environment, the data of wrought SS irradiated to 0.75 - 4 dpa indicated higher fatigue 
crack growth rate as compared to those for un-irradiated materials, while fatigue crack 
growth data for materials irradiated to 0.45 dpa suggested a minimum neutron irradiation 
influence (Chopra and Shack, 2008; Chen et al., 2013). 
A few studies have been performed to investigate the reactor coolant environment 
effects on fatigue crack growth on austenitic SS. Shack and Kassner (Shack and Kassner, 
1994) complied the crack growth rate for wrought and cast austenitic SS in several test 
environments. These include normal BWR water chemistry, BWR water chemistries with 
added hydrogen (i.e. hydrogen water chemistry) to reduce the possibility of material’s 
corrosion, and pressurized water reactor (PWR) coolant chemistry. The data showed that, 
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at small crack growth rates (<10-10 m/s), the growth rates in the normal BWR water 
chemistry surpassed the ASME design curve (in air) by a factor of approximately 20 -30. 
However, at high crack growth rates, the comparatively small effect of coolant on fatigue 
crack growth was observed for both BWR and PWR environment (Shack and Kassner, 
1994). Chopra and Shack (Chopra and Shack, 2008) reported crack growth rate data for 
irradiated stainless steels in simulated LWR coolant with DO concentration ranging from 
200 parts per billions (ppb) to 8 parts per millions (ppm). Significantly lower crack growth 
rates were observed for all tests performed in simulated hydrogen water chemistry, as 
compared to the original guidelines (Hazelton and Koo, 1988), suggesting a beneficial 
effect of low DO environment on crack growth of irradiated stainless steels (Chopra and 
Shack, 2008). 
Of particular interest to the present study is the fatigue crack growth of irradiated 
austenitic SS under high-temperature water coolant environment with a presence of hold-
times (i.e. creep deformation). As previously mentioned, there are relatively a few studies 
in the area of fatigue-creep crack formation of irradiated materials, and considerably much 
less concerning the models for crack growth under such environment and loading 
conditions. While recognizing that the crack growth behavior of irradiated 
materials/components is extremely complex and significantly influenced by the material’s 
microstructure, microchemistry, radiation hardening, etc., the objective of this study is to 
analyze the combined fatigue-creep crack growth data available in the literature for several 
irradiated austenitic SS. A superposition methodology is presented here based on fracture 
mechanics approaches to estimate fatigue crack growth considering the effects of creep as 
well as elevated temperature water environment. In some cases where the SS weld heat 
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affective zone (HAZ) is utilized, the effects of residual stress on crack growth of a material 
is also taken into account in the presented methodology. 
2.3 Experimental data 
Fatigue crack growth rates of un-irradiated and irradiated wrought austenitic SS 
from (Chopra and Shack, 2008) and (Chen et al., 2013) are employed in this study. The 
materials investigated in (Chopra and Shack, 2008) included Types 304, 304L, 316, and 
316L SS. In addition, materials were taken from HAZ of a shielded metal arc (SMA) weld 
and a submerged arc (SA) weld. The SMA weld was laboratory-prepared, and fabricated 
from type 304 SS plate with a single-V joint design and E308 filler metal. On the other 
hand, the SA weld, which was manufactured from SA 240 Type 304L hot-rolled plate with 
a double-V joint design and ER308L filler metal, was sectioned from the core shroud of 
the canceled Unit II Grand Gulf Reactor (Mississippi, USA). The chemical composition of 
these alloys with different heat treatments are given in details in (Chopra and Shack, 2008).   
Miniature ¼-T compact tension (CT) specimens were irradiated in BWR (Halden 
Boiling Water Reactor, Halden, Norway). The radiation was carried out in a helium 
environment and fluence levels of 0.3-2 x 1021 neutrons per square centimeter (n/cm2) at 
288 ºC as summarized in Tables 2.1-2.4 for Types 304, 304L, 316, and 316L, respectively. 
It should be noted that neutron fluence is typically characterized in n/cm2 or dpa, which 
represents the average number of displacement in each atom. The fluence level, material 
composition, and water chemistry were considered and tabulated in the Tables 2.1-2.4. 
Post-irradiation crack growth experiments were conducted in an enclosed hot cell facility 
under test conditions that were designed to simulate BWR environment with operating 
temperature of core internal components of 289 ºC (550 ºF) in either normal or hydrogen 
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water chemistry. Besides water environment, two experiments were carried out in air 
environment at room temperature. 
The crack growth rate tests were performed in two stages; a load-controlled cyclic 
loading and a constant loading. The cyclic loading stage was first conducted under load 
ratio, R, of 0.2-0.3 at 1-5 Hz frequency, and the maximum stress intensity factor, Kmax, of 
13-16 MPa-√m until a sharp fatigue crack of approximately 0.3-0.5 mm was generated. 
The load ratio and the rise-time were subsequently increased and transitioned to the 
constant load stage to achieve an intergranular stress corrosion crack. The crack extension 
during the tests was obtained using the reversed direct-current (DC) potential difference 
method. Further details of the experimental setup and testing can be found in (Chopra and 
Shack, 2008). Only crack growth results for the transgranular fatigue crack under the first 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.4 Fatigue crack growth specimen and test condition for type 316L stainless 
steels (Chopra and Shack, 2008). 
Test # Specimen # Pre-treatment Radiation Test Condition 
CGRI-09 C16-B Heat C16* 
2 x 1021 n/cm2  
(3 dpa) 
at ≈ 288°C 
High-purity water 
with ≈ 250 ppb DO 
at 289°C 
 
*Detail of the heat treatment was not provided in the reference. 
In (Chen et al., 2013), disk-shaped CT specimens were fabricated from Types 304L 
and 316 SS. Type 304L SS specimens (see Table 2.2) were solution-annealed, while type 
316 SS (see Table 2.3) underwent cold-working prior to being soaked in water environment 
in order to stabilize to the test condition. The irradiation of specimens was conducted in 
BOR-60 reactor (Dimitrovgrad, Russia), a sodium-cooled fast neutron reactor, to various 
neutron fluence levels of 4.8-7.8 dpa under irradiation temperature of 315-325 ºC. The 
crack growth rate tests in (Chen et al., 2013) were performed in either simulated BWR with 
hydrogen water chemistry or PWR environment. The test temperature and pressure were 
approximately 320 ºC and 1,800 psig, respectively. 
Similar to the applied loading in (Chopra and Shack, 2008), the load-controlled 
cyclic loading with ratio, R, of 0.2-0.3 at 1-2 Hz frequency, and Kmax of 10-16 MPa-√m 
was first applied to the specimens until a fatigue crack is generated. Then the load ratio and 
rise-time were gradually increased to constant loading to achieve the constant stress 
intensity factor for stress corrosion cracking. Fatigue crack propagation in (Chen et al., 
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2013) was monitored using the DC potential drop method. Again, only the crack growth 
rate results under cyclic loading will be utilized in the present work. 
In the current work, the cyclic crack growth data of a total of four un-irradiated and 
20 irradiated SS specimens obtained from the two studies (Chopra and Shack, 2008) and 
(Chen et al., 2013) will be employed and analyzed. 
2.4 Fatigue – creep crack growth modeling for stainless steels 
Crack growth in components subjected to cyclic loading with sufficiently long 
hold-times or loading/unloading rates is affected by both fatigue and creep deformations. 
Crack growth models for fatigue-creep interaction can be generally separated into two 
components: crack growth resulted from the continuously cyclic loading, and that which 
accounts for the hold-time effects. In these models, the linear summation of deformation 
has been employed to interpolate/extrapolate the time-dependent crack growth effects 
(ASTM E2760-10, 2013). For a component with an initial crack of length a that is subjected 
to a combination of cyclic and constant loadings over a time interval dt, the change of crack 
length in one cycle 
da
dn
 can be obtained by superimposing the crack length per cycle due 
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time for a given cycle. 
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2.4.1 Modified strip-yield model for fatigue crack growth 
The modified strip-yield model (Daniewicz et al., 1994) was proposed to 
approximate fatigue crack growth with pre-existing residual stress. The model is an 
extension of Newman’s, analytical model of plasticity-induced crack closure for a middle-
crack tension specimen, and modified to leave plastically deformed material along the 
crack surfaces as the crack advances (Newman, 1981). Using the method described in 
(Newman, 1981), crack-opening stresses under loading with various applied stress levels 
and stress ratios can be determined as a function of crack length and load history. 
Subsequently, crack-opening stresses can be used to calculate the effective stress intensity 
factor range, ΔKeff, (Elber, 1970) and the crack growth per cycle, da/dn. The three-
dimensional features of cracks were taken into account by introducing a constraint factor 
related to the tensile yield stress, as discussed in detail in (Newman, 1981). 
While the initial modified strip-yield model by Newman (Newman, 1981) was 
developed for a center-crack in a finite-width plate under uniform stress, the modified strip-
yield model (Daniewicz et al., 1994) employed in the present study is applicable for 
arbitrary two-dimensional cracked geometries and loading types. This model (Daniewicz 
et al., 1994) considers the effects of both crack tip plasticity and the plastic wake, and has 
been successfully used for fatigue crack propagation prediction in an edge-cracked two-
dimensional bodies. 
In the present work, rigid-perfectly plastic bar elements were used to model the 
plastic zone at crack tip as well as the region of residual plastic deformation. The plastic 
region of length ρ ahead of the actual crack was modeled using ten elements, while an 
initial crack of length ai was modeled using five elements. The plastic zone size was 
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determined by incorporating a weight function-based computational and the amount of 
crack extension, Δa, was defined as (Daniewicz et al., 1994): 
 max0.05a    (2.2) 
where ρmax represents the plastic zone size under the maximum applied load. 
Due to the crack closure phenomenon, Elber (Elber, 1970) suggested that only 
portion of the loading cycle attributes to the crack propagation in which the crack is fully 
open. Hence, the effective stress intensity factor range, ΔKeff, is suggested to be used in 
place of the stress intensity factor range, ΔK, especially at low growth rates approaching 
the threshold. The effective stress intensity factor range can be defined as (Daniewicz et 
al., 1994): 
    )()( 0max xhSKxhSKKeff   (2.3) 
where S0h(x) is the crack opening stress with a scaling parameter S0, Smaxh(x) is the 
maximum applied stress with a scaling parameter Smax, and h(x) functional crack 
relationship of the crack opening stress along the line of crack propagation (i.e. weight 
function). 
The fatigue crack growth rate can be represented as a power function of ΔKeff, 







   (2.4) 
In Equation (2.4), the parameters C and m are required to be formulated. Considering the 



















where ΔKth is the threshold stress intensity factor range and R is the load ratio. From 


















Hence, by substituting Equation (2.6) into Equation (2.4), the crack growth rate can be 
represented as: 


















In the present study, in Equations (2.6) and (2.7), ΔKth can be defined as ΔKth = 
Kmax - Kth, where Kmax and Kth are the maximum and threshold stress intensity factor, 
respectively. On the other hand, Kmax is obtained from the experimental data, while Kth can 
be approximated as the opening stress intensity factor Ko.  Additionally, because of ΔKeff 
= Kmax - Kth as suggested in Equation (2.3); therefore, ΔKth can be also approximated as 
ΔKeff.   
To obtain the parameters C and m in Equation (2.7), the following relationships may be 












































CCK oo  (2.9) 
In Equations (2.8)-(2.9), the constants C1 and C2 are determined from the constant 
amplitude rate data, while C3 and C4 are obtained from the threshold data, and C5 is the 
fracture toughness.  Hence, from Equations (2.7)-(2.9), one can determine the crack growth 
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  for type 304 SS (2.10) 
Consider Equation (2.4) and the Paris equation (i.e. da/dN = A(ΔK)k), the coefficient m is 
equal to k, which is the slope of the fatigue crack growth rate for the Paris Equation. For 
austenitic stainless steel, m = 3.25 (Barsom, 1971), while the coefficients C3 and C4 are 
2.97 MPa-√m and 0.8, respectively (Newman, 1981; Lugo et al., 2013).The fracture 
toughness, KIC, or the coefficient C5, for SS 304 is 119 MPa-√m. 
In the present study, the Forman equation has been suggested to better represent the 
fatigue crack growth rate for Types 304L, 316, and 316L SS as compared to the other 
fatigue crack growth equations (Hoeppner and Krupp, 1974). According to the Forman 
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 for types 304L, 316, and 316L SS  (2.12) 
For SS 316 and SS 316L, the fracture toughness, KIC, is 112 MPa-√m for SS 304L, and 
119 MPa-√m, respectively. 
By knowing the maximum and minimum stress intensity factors, Kmax and Kmin, 
which are obtained from the experimental data, the analytical strip-yield model was 
employed to determine the crack opening stress, S0, the maximum applied stress, Smax, and 
subsequently the effective stress intensity factor range, ΔKeff. The coefficient C in 
Equations (2.10) and (2.12) can be obtained to fit the data based on un-irradiated and 
irradiated specimens, under air and water environment. The C values for each selected 













Table 2.5 The C coefficient in Paris-Erdogan equation for un-irradiated and irradiated 
Types 304, 304L, 316, and 316L SS in air and water environment. 
Material Air Environment Water Environment 
304 SS 
Un-irradiated 1.094 x 10-12 6.385 x 10-14 
Irradiated N/A 6.536 x 10-15 
304L SS 
Un-irradiated 7.784 x 10-11 1.252 x 10-11 
Irradiated N/A 8.293 x 10-12 
316 SS 
Un-irradiated N/A 2.696 x 10-13 
Irradiated N/A 5.248 x 10-12 
316L SS 
Un-irradiated N/A 5.6 x 10-12 
Irradiated N/A 3.925 x 10-11 
 
 
2.4.2 Creep crack growth model 
Although various strip-yield models have been primarily proposed to simulate fatigue 
crack growth under constant and variable amplitude loading, only a few numerical 
analysis based on the strip-yield methodology have been developed to take into account 
the presence of local creep strains (Vitek, Bilby et al. 1963; Ewing, 1978, Potirniche, 
2012). Creep crack initiation and growth in most materials begins with the initial stage of 
cracking in which the there is a buildup of damage near the crack tip known as the 
incubation period, as seen in Fig. 2.1.  At time less than the incubation period (t < ti), the 
blunting of the crack tip between the two crack faces occurs.  As time increases to 
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initiation time (t =  ti), the displacement increases and reaches a critical crack tip opening 
displacement, ϕc, and the measurable crack extension and growth can be detected. The 
crack then subsequently advances at time greater than initiation time (t < ti) (Haigh, 1975; 
Webster and Ainsworth, 1994) 
.  
Figure 2.1 Behavior of creep crack blunting, initiation and growth (Webster and 
Ainsworth, 1994) 
 
Figure 2.2 Primary, secondary and tertiary creep behavior of a WOL (wedge-opening-




In the present study, the crack initiation time, ti, due to creep is predicted based on 
the critical crack tip opening displacement. By considering the strip-yield model based on 
a critical crack tip opening displacement criterion (Ewing, 1978), the crack tip opening 
displacement, ϕ, due to constant load can be related to the creep strain as: 
 ( )o s      (2.13) 
where the primary and secondary creep strain is represented by εo and εs, respectively, and 
ρ is the length of plastic zone ahead of the crack. In the primary creep, Andrade’s law can 
be utilized to describe the hardening state of a material under isothermal creep condition, 
and the relationship between the maximum applied stress, σmax,  creep strain, p , and creep 
strain rate, p&  in the plastic zone as (Lemaitre and Chaboche, 2000): 




p pK   &  (2.14) 
where K, M, and J are the coefficient of resistant, viscosity exponent, and hardening 
exponent, respectively. These parameters are temperature and material dependent, and their 









Table 2.6 The coefficient of resistant, viscosity exponent, and hardening exponent for 
un-irradiated Types 304 and 316L SS (Lemaitre and Chaboche, 2000). 
Material T (°C) 






resistant, J  
(MPa-s) 
304 SS 20 65 5 752 
316L SS 20 65 14 458 
316L SS 550 120 6 494 
 
For a constant stress with zero initial plastic strain ( (0) 0p  ), Equation (2.14) can be 













   
   
   
 (2.15) 
where holdt  in Equation (2.15) represents the hold-time for creep. For secondary creep, 
the modified Norton’s Power Law may be utilized for SS304 and SS304L (Sorkhabi and 
Tahami, 2012), and SS316 and SS316L (Lemaitre and Chaboche, 2000) to determine the 


























&     for types 316 and 316L SS  (2.17) 
where, in Equation (2.16), As is the secondary creep strain coefficient (As = 0.097838 
MPa-n-hr-1), n’ is the secondary creep exponent for Types 304 and 304L SS (n’ = 4.59), Q 
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is the activation energy (Q = 26000 J/mol), R* is the Boltzman gas constant (R = 8.31 
J/(mol-K), and T is the absolute temperature (T = 562.15 K) (Sorkhabi and Tahami, 2012).  
In Equation (2.17),   is the secondary creep strain coefficient (  = 765 MPa-hr) and n* 
is the secondary creep exponent for Types 316 and 316L SS (n* = 8.2) (Lemaitre and 
Chaboche, 2000).  Similar to the previous procedure to determine the primary creep strain, 
Equations (2.16) and (2.17) can be integrated to obtain the plastic strain for secondary 
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    for Types 316 and 316L SS  (2.19) 
Once the primary and secondary creep strains are obtained, the creep damage in the plastic 
zone can be determined. This is accomplished by calculating the crack opening 
displacement, ϕ, due to creep and utilizing its relation to the flow stress (i.e. the 
compressive stress applied to the elements in the plastic zone), o, for the increment from 























where oo  is the flow stress at the crack tip element,  if x  is the displacement of crack for 
an applied stress, Smax, k 1  is the displacement of the crack tip at k+1 iteration, and  jg c,x  
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is the displacement for the contact stresses applied in the plastic zone. The  if x and 
 jg c,x are influence functions which are given in (Newman, 1981). 
After the initial calculation of the primary creep strain, the displacement in primary 
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   
   
     for plane strain  (2.21) 
 











   
   
    for plane stress (2.22) 
where υ is the Poisson’s ratio, G is the shear modulus, and E is the modulus of elasticity. 
To determine the critical crack tip opening displacement, ϕc, which represents the crack 
opening displacement when the incubation period is ended (see Figure 2.1), the creep strain 
obtained from Equations (2.18) and (2.19) may be combined with the initial crack opening 
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    for Types 316 and 316L SS (2.24) 
Then, the flow stress at the end incubation period, oi, can be obtained from the following 
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   
   
    for plane stress (2.26) 
In Equations (2.25) and (2.26), for a given hold-time, the flow stress at the crack tip 
initiation, oi, is obtained based on the knowing the critical crack tip opening displacement. 
The following equations were employed simultaneously with Equations (2.25) and 
(2.26) to calculate the crack initiation time, ti, (Ewing, 1978): 
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  (2.28) 
























Once the initiation time, ti, is determined, it can be subtracted from the hold time for creep, 
holdt , to obtain the time when crack growth occurred. 
At t > ti, the creep crack extension criterion is employed based on the Nikbin-Smith-
Webster (NSW) model that describes the correlation between the creep crack extension 
rate to the C* contour integral (Nikbin et al., 1986). However, for the small scale creep 
conditions, the averaged small scale creep parameter over the hold-time (Ct)avg has been 
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proposed to better characterize the creep-fatigue growth rate (Adefris et al., 1996; Andrew 
and Potirniche, 2015). The averaged creep parameter is given as (Adefris et al., 1996): 
        
 2 2 ' 32
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In Equations (2.32)-(2.34),   is the Irwin’s correction factor ( = 0.33), n is a number of 
cycle, cr%is 0.387, 
*n is 8.24, and Ac is 9.53x10
-21 MPa-1 hr-1 (Adefris et al., 1996; 
Narasimhachary and Saxena, 2013). Furthermore, the non-dimensional function 'NI can be 
















I N      for plane stress  (2.36) 
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where 'N is the plastic strain hardening exponent. By defining the averaged creep 
parameter, (Ct)avg, to take the small creep contribution into account, the NSW can be 
represented as follows: 
 


















       
 (2.37) 
where εf is the creep ductility and rc is the radius of the creep process zone, which is 
assumed to be equal to the plastic zone length, ρ (Andrew and Potirniche, 2015). 
2.4.3 Benchmark of creep crack growth model 
Appendix B contains the results of the analysis for the benchmark of creep crack 
growth model.  The material used was 9Cr-Mo steel (P91), (Narasimhachary and Saxena, 
2013).  The results were positive in the crack growth and fatigue life. 
2.4.4 Irradiation and residual stress corrections 
The simple monotonic tensile properties of a material are utilized to obtain the 
radiation correction for a crack growth rate of stainless steel. In this study, the following 
radiation correction for ultimate tensile strength, σu, and yield strength, σy, is employed 
(Fuller et al., 2016): 







     
  
 (2.38) 
where do = 3.0 for water and air and dose is the neutron dose imposed on the crack growth. 
From the experimental data employed in the present study, the fracture toughness 
of Types 304, 304L, 316, and 316L SS is found to decrease as dose increases (Chopra and 
Shack, 2008; Chen et al., 2013). It was also observed that, as the radiation dose of 0.75 to 
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4 dpa, the crack growth rates increases by 2-7 times as compared to those of un-irradiated 
specimens (Chopra and Shack, 2008). On the other hand, at the neutron dose of 0.45 dpa 
or less, insignificant neutron dose on the crack growth rate of stainless steels in BWR 
environment is noted (Chopra and Shack, 2008).  Moreover, the minimum effect of 
irradiation on crack growth in air is also observed for stainless steels irradiated up to 2.2 













the crack growth rate for one cycle. The final form of the crack growth due to fatigue for 
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 (2.39) 
In terms of the residual stress correction for HAZ specimens, the Ramberg-Osgood 




y y pK  

   (2.40) 
where Ky and My are the coefficient of plastic resistance and the hardening exponent, 
respectively. Since the second term on the right-hand side of Equation (2.40) represent the 
stress due to plastic strain, it could be expressed in terms of thermal strain of a weld cooling 
down, and therefore the plastic stress is the residual stress due to the thermal strain.  This 
plastic strain, p, then can be expressed as (Van Vlack, 1980): 
 
* *( )p solid fT T T       (2.41) 
where *  is the coefficient of linear thermal expansion, Tsolid is the temperature of 
specimen, and Tf is the temperature at which material begins to solidify. By substituting 
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residual y solid fK T T 

     for  Types 316 and 316L SS  (2.42) 
where Ky is  435 and My is 4.55 for Types 316 and 316L SS (Lemaitre and Chaboche, 
1994). For Types 304 and 304L SS, the following residual stress equation is suggested 




residual solid fK T T      for Types 304 and 304L SS  (2.43) 
where K is the strength coefficient (K= 2,275 MPa) and O is the strain hardening exponent 
(O = 0.334). 
2.5 Crack growth predictions and discussions 
2.5.1 Un-irradiated HAZ specimens subjected to cyclic loading 
The crack growth data of two type 304 SS specimens, 85-3A-TT and 85-YA in 
Table 2.1, fabricated from SMA weld HAZ materials were first used to benchmark the 
crack growth model for type 304 SS without radiation and hold-time. The crack length 
history for the given cycles is shown in Figures 2.3 and 2.4 for specimens 85-3A-TT and 
85-YA, respectively.   
Using the model present in this study, the estimated crack length for given cycles 
for both specimens are superimposed in Figures 2.3 and 2.4. Moreover, the correlation 
between the experimental and estimated crack length with factors of 3 and 5 scatter bands 
for specimens 85-3A-TT and 85-YA is illustrated in Figures 2.5 and 2.6, respectively.  For 
this crack length calculation, the constraint factor α (i.e. the constant in Equation 2.10) is 
assumed to be 2.3 (i.e. nearly plane strain conditions) based on the recommendation by 
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Newman (Newman, 1971). This is due to the fact that most crack growth life is generated 
at small crack length and low-stress level (i.e. plastic-zone size is small compared to the 
sheet thickness).  The constraint factor α was applied and compared to the variable loading 
of the collected data. For high-stress levels and low load ratios, the opening stress, S0, does 
not stabilize and the prediction subroutine for S0 may fail to predict the crack growth. As 
seen in Figures 2.5 and 2.6, the estimation of crack growth for both specimens improved 
as the stress intensity factor and load ratio increased. 
Since specimens 85-3A-TT and 85-YA were tested in the water environment with 
an oxygen concentration of 300 and 600 ppb, respectively, the contribution of oxygen 
environment may enhance the crack growth in these specimens. Though the presented 
methodology does not explicitly include the oxygen environment effect, the correction to 
the model appears to fit the oxygen environment when in fact the model should have been 
fitted to the unenhanced data.  This would have led to possibly overestimating the crack 




Figure 2.3 Crack growth history for given cycles of un-irradiated HAZ specimen 85-
YA, SS304 subjected to cyclic loading 
 
Figure 2.4 Crack growth history for given cycles of un-irradiated HAZ specimen 85-














































Figure 2.5 Predicted crack length of un-irradiated HAZ specimen 85-YA, SS 304 
subjected to cyclic loading versus observed crack length with factor of 3 
and 5 scatter bands. 
 
 
Figure 2.6 Predicted crack length of un-irradiated HAZ specimen 85-3A-TT, SS 304 
subjected to cyclic loading versus observed crack length with factor of 3 
and 5 scatter bands. 
2.5.2 Un-irradiated HAZ specimens subjected to cyclic loading with hold time 
Two non-irradiated HAZ 304L SS specimens, GG5B-A and GG3B-A-TT in Table 
2.2, were subjected to both cyclic and creep loadings.  The rise-time for specimen GG5B-



































































of 200 hours for the 70,000 cycles as illustrated in Figure 2.7. The dwell creep was applied 
near the end of the fatigue life. The crack growth data of this specimen was one of the 
benchmarks to verify the model for 304L SS with no dose contribution, and the prediction 
model tends to follow the data reasonably well.  As seen in Figure 2.7, the model initially 
overestimated the crack growth which possibly is due to the stress intensity factor 
differential, K, being small.   
On the other hand, the rise-time of specimen GG3B-A-TT was increased in 
increments of 5, 12, 300, and 1000 seconds, prior to decreasing to 12 and 500 seconds to 
let the dwell creep take effect over 3600 seconds hold-time. This occurred over a period of 
1000 hours for the 650,000 cycles as shown in Figure 2.8.  The data of the specimen was 
also one of the benchmarks to verify the model with no neutron fluence contribution. As 
displayed in this figure, the model estimates reasonably well for the given loading 
conditions, and it does not appear to suffer from the high-stress condition to predict the 
opening stress.  This could possibly due to the low load ratio.   
Figures 2.9 and 2.10 display the correlation between the estimated and experimental 
crack length of specimens GG5B-A and GG3B-A-TT, respectively, along with the scatter 
bands of 3 and 5. Comparable crack length is obtained for both specimens. Approximately 
93.3% and 100% of estimated crack length for specimen GG5B-A are within the scatter 
bands of 3 and 5, respectively. For specimen GG3B-A-TT, approximately 84.6% are within 
are within the scatter bands of 3, while all data are within the scatter bands of 5. 
In addition, a comparison of the crack growth estimation was performed for 
specimen GG5B-A (Figure 2.7), which was initially tested in a higher oxygen 
concentration (~ 600 ppb) before decreased to 500 ppb, and specimen 85-YA (Figure 2.8) 
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tested in 600 ppb water environment. This leads one to believe that there may be an oxygen 
concentration threshold for estimating the crack length data. As seen in Figure 2.7, the 
initial estimated data do not accurately follow the experimental data.  However, as the 
number of cycles increase, this oxygen deficiency allowed for a better fit of both the 
environment enhanced and unenhanced data. In other words, as the oxygen concentration 
decreases, the model was able to estimate the crack length more accurately.  
 
Figure 2.7 Crack growth history for given cycles of un-irradiated HAZ specimen 
GG5B-A, SS304L subjected to cyclic loading with hold time. 
 
Figure 2.8 Crack growth history for given cycles of un-irradiated HAZ specimen 
















































Figure 2.9 Predicted crack length of un-irradiated HAZ specimen GG5B-A subjected 
to cyclic loading with dwell creep (hold time) versus crack length with 
factors of 3 and 5 scatterband.  
 
Figure 2.10 Predicted crack length of un-irradiated HAZ specimen GG3B-A-TT 
subjected to cyclic loading with hold time versus crack length with factors 
of 3 and 5 scatterband. 
2.5.3 Irradiated specimens subjected to cyclic loading 
The next group of data to be examined are those of irradiated Types 304L and 316L  
specimens subjected to cyclic loading without hold-time. These are Type 304L SS C3-A, 
C3-B, and C3-C specimens with pre-heat treatment and test environment shown in Table 



































































versus cycles are displayed in Figures 2.11, 2.12, 2.13 and 2.14 for specimens C3-A, C3-
B, C3-C, and C-16B, respectively. 
For specimen C3-A, a fairly satisfactory correlation between the experimental and 
estimated crack growth is obtained, with all estimated crack length are within a factor of 3 
scatter bands, as displayed in Figure 2.15. As reported in (Chopra and Shack, 2008), the 
fatigue behavior of a specimen irradiated to neutron fluence of less than 0.45 was observed 
to be similar to that of un-irradiated specimen. Hence, the model presented in this study 
was built around the premise that 0.45 dpa would minimally affect the crack growth. 
Moreover, since specimen C3-A was irradiated to a low dose contribution of 0.45 dpa and 
no dwell creep, the fatigue portion of the model is regarded to be the main contributor to 
this specimen’s crack growth. The fatigue portion of the model was able to reasonably 
predict the crack opening stress. In this case, the opening stress appears to be stable as the 
plastic zone expands and the crack length propagates. 
The comparison of the experimental and predictive crack length for specimens C3-
B and C3-C, along with scattering bands of 3 and 5 are displayed in Figures 2.16 and 2.17, 
respectively.  Poor correlations are observed for both specimens with less than 30% of the 
estimated data within the scatter bands of 5. The model appears to suffer from the fatigue 
contribution in which the opening stress equation was not able to predict enough crack 
growth. The force contribution to the fatigue due to the maximum stress, Smax, was not 
enough to overcome the forces in the plastic zone to increase the crack growth. The 
corrosion fatigue and the stress corrosion cracking may possibly be a contributor along 
with the irradiation in the C3-B and C3-C specimens.  There was no creep which leads to 
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the conclusion that the radiation model for SS304L may warrant investigating to emphasize 
the contribution to fatigue loading.   
On the other hand, all estimated crack length of type 316L SS specimen C-16B are 
within a factor of 3% scatter bands of the experimental data, as displayed in Figure 2.18.  
The model seems to work well for determining fatigue and crack contribution due to 
irradiation.  The contribution due to radiation for this particular specimen was 3 dpa, which 
is in the range of the assumptions used to build the radiation model. 
 
Figure 2.11 Crack growth history for given cycles of irradiated specimen C3-A, SS 


























Figure 2.12 Crack growth history for given cycles of irradiated specimen C3-B, SS 
304L subjected to cyclic loading. 
 
Figure 2.13 Crack growth history for given cycles of irradiated specimen C3-C, SS 
















































Figure 2.14 Crack growth history for given cycles of irradiated specimen C16-B, SS 
316L subjected to cyclic loading. 
 
Figure 2.15 Predicted crack length of irradiated specimen C3-A, SS 304L subjected to 




























































Figure 2.16 Predicted crack length of irradiated specimen C3-B, SS304L subjected to 
cyclic loading versus observed crack length with factors of 3 and 5 scatter 
bands. 
 
Figure 2.17 Predicted crack length of irradiated specimen C3-C, SS304L subjected to 






































































Figure 2.18 Predicted crack length of irradiated specimen C16-B, SS316L subjected to 
cyclic loading versus observed crack length with factors of 3 and 5 scatter 
bands. 
2.5.4 Irradiated specimens subjected to cyclic loading with hold-time 
The crack growth history at selected cycles for four irradiated specimens (one type 
304 SS and three type 316 SS), which were tested under fatigue loading with hold-times, 
is presented in Figures 2.19, 2.20, 2.21 and 2.22. These are specimen 85-3TT (Table 2.2) 
and specimens from tests BR-01, CR-01, and CR-04 (Table 2.3). The plots of the 
experimental versus estimated crack length of these specimens, superimposed with the 
scatter bands of 3 and 5, are shown in Figures 2.23, 2.24, 2.25, 2.26. 
For type 304 SS specimen 85-3TT in Figures 2.19 and 2.23, the fatigue-creep, and 
radiation contribution of the model seems to work reasonably well. The model 
demonstrated a positive trend with the applied stress intensity factors. There appears no 
corrosion fatigue or stress corrosion cracking environment enhancement. The contact stress 
calculation from the minimum stress that was later used as an input to obtain the opening 
stress was found to be stable.  As illustrated in Figure 2.23, all estimated crack length data 



































As shown in Figures 2.23-2.26, acceptable crack growth estimations are obtained 
for the three type 316 SS specimens, which were irradiated to high neutron fluences of 5-
8 dpa, and tested in the PWR water environment. Moreover, at the beginning of the test 
BR-01 (Figure 2.20), the estimated crack growth is significantly larger as compared to the 
experimental data. For these initial cycles, the fatigue-creep contribution of the model 
demonstrates small crack growth along with the data, while the irradiation contribution 
estimates significant crack growth up to approximately 290,000 cycles where the stress 
intensity factor changes. The high applied stress and low load ratio test condition during 
these cycles may lead to the instability of the model, and inability to solve the opening 
stress. At around 350,000 cycles, the experimental data shows a significant increase in the 
crack growth due to environmental enhancement, and the model enhances the effect of 
radiation as the crack growth progresses. Approximately 90% of the estimated data for the 
specimen in Test BR-01 is within 5% scatter bands, as displayed in Figure 2.24. 
In Figure 2.25, the stable crack growth of the type 316 SS specimen in test CR-01 
was quickly established. However, the test was restarted around 55,000 cycle due to a leak 
during testing which caused the autoclave heater to trip. The stable crack growth from 
environment enhancement was lost and had to be re-established. The model then slightly 
over-estimated the stable crack growth, which may due to the temperature perturbation 
when the heater was restarted. Since the model is based on the isothermal condition, the 
changes in temperature may contribute to the anomalies in the model estimation. 
Nonetheless, as illustrated in Figure 2.25, approximately 96% of the estimated data are 
within 3% scatter bands, while all data are within the scatter bands of 5%. On the other 
hand, satisfactory correlation (i.e. 100% within 5% scatter bands) between the 
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experimental and estimated crack length was obtained for type 316 SS specimen in test 
CR-04, as shown in Figure 2.26. This particular specimen was subjected to a large dose of 
8 dpa which is considered to be a significant contributor to the crack growth. With a low 
maximum stress intensity factor was initially applied, the model was able to estimate the 
crack growth reasonably well. 
 
Figure 2.19 Crack length history of irradiated specimen 85-3TT, SS304 subjected to 
































Figure 2.20 Crack length history of irradiated specimen BR-01, SS316 subjected to 
cyclic loading with hold-time. 
 
Figure 2.21 Crack length history of irradiated specimen CR-01, SS316 subjected to 

















































Figure 2.22 Crack length history of irradiated specimen CR-04, SS316 subjected to 
cyclic loading with hold-time. 
 
 
Figure 2.23 Predicted crack length of irradiated specimen 85-3TT, SS 304 subjected to 
cyclic loading with hold-time versus observed crack length with factors of 


























































Figure 2.24 Predicted crack length of irradiated specimen BR-01, SS 316 subjected to 
cyclic loading with hold-time versus observed crack length with factors of 
3 and 5 scatter bands. 
 
Figure 2.25 Predicted crack length of irradiated specimen CR-01, SS 316 subjected to 
cyclic loading with hold-time versus observed crack length with factors of 






































































Figure 2.26 Predicted crack length of irradiated specimen CR-04, SS 316 subjected to 
cyclic loading with hold-time versus observed crack length with factors of 
3 and 5 scatter bands. 
2.5.5 Irradiated HAZ specimens subjected to cyclic loading with hold-time 
2.5.5.1 Air environment 
Out of 24 specimens considered in this study, two irradiated specimens, 85-XB 
(HAZ type 304 SS in Figure 2.27) and GG6T-B (HAZ Type 304L SS in Figure 2.28), were 
tested in air environment at room temperature. These specimens were both subjected to 
irradiation of 2.16 dpa prior to being tested under cyclic loading with hold-time condition. 
For both specimens, the fatigue contribution of the model appears to work well for the 
given stress intensity factors, which was used to calculate the minimum stress. The 
reasonably low minimum stress and the low load ratio lead to stable conditions that allow 
the calculation of the opening stress.  The agreeable correlation was obtained between the 
estimated and experimental crack growth for both specimens, as depicted in Figures 2.29 





































Figure 2.27 Crack growth history for given cycles of irradiated HAZ specimen 85-XB, 
SS304 subjected to cyclic loading with hold-time in air environment. 
 
Figure 2.28 Crack growth history for given cycles of irradiated HAZ specimen GG6T-
















































Figure 2.29 Predicted crack length of irradiated HAZ specimen 85-XB, SS 304 
subjected to cyclic loading with hold-time in air environment versus 
observed crack length with factors of 3 and 5 scatter bands. 
 
Figure 2.30 Predicted crack length of irradiated HAZ specimen GG6T-B, SS 304L 
subjected to cyclic loading with hold-time in air environment versus 
observed crack length with factors of 3 and 5 scatter bands. 
2.5.5.2 Water environment 
This section includes the results of three HAZ type 304 SS (85-XA, 85-1A-TT, and 
85-7A in Table 2.1), four HAZ Type 304L SS (GG5T-A, GG5T-B, GG6T-A, and SW-01 
in Table 2.2), and three HAZ type 316 SS (C21-A, C21-B, and C21-C in Table 2.3) 



































































water environment. The crack growth history of these specimens is displayed in Figures 
2.31-2.40. 
As illustrated in Figure 2.31, only four data points (including the initial crack length 
at the beginning of the test), resulting in the total crack growth of approximately 0.2 mm, 
were available for specimen 85-XA. Hence, this collected data may not necessarily be 
enough to provide an adequate trend of crack growth for this particular specimen. Although 
all estimated crack growth are within the 3% scatter bands as seen in Figure 2.41, the model 
underestimated the experimental data toward the end of the test.  Initially, there was a high 
ΔK value which resulted in a low minimum stress with a low load ratio, leading to a stable 
opening stress. As the crack growth progressed, ΔK values decreased from 7.7 MPa√m to 
3.6 MPa√m. The decrease in ΔK value also increased the minimum stress, resulting in the 
unstable opening stress. Similar behavior is also observed for the estimated crack growth 
for specimen 85-1A-TT, as illustrated in Figure 2.32, in which the fatigue contribution of 
the model appears to suffer from the combination of high stress and low load ratio. For 
specimen 85-7A in Figure 2.33, there was dwell creep in the last 120 hours of the test. 
However, the presence of creep did not significantly change the crack growth. With the 
applied low load ratios of less than 0.53, and ΔK value greater than 7.7 MPa√m, the model 
was able to adequately estimate the crack growth, as depicted in Figure 2.43.  
Excellent correlation between the estimated and experimental crack length is 
obtained for specimens GG5T-A, GG5T-B, and GG6T-A, as displayed in Figures 2.44-
2.46, respectively. The rise-time of specimen GG5T-A was increased in increments of 0.5, 
60, 300, and 1000 seconds, and subsequently to 60 and 30 seconds. This occurred over a 
period of 482 hours for the 600,000 cycles, as illustrated in Figure 2.34.  With a neutron 
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dose of 0.75 dpa, the radiation and fatigue contributions interact well in this case. Specimen 
GG5T-B in Figure 2.35 was also subjected to identical irradiation and similar rise-time that 
was occurred over a period of 433 hours for the 400,000 cycles with dwell creep near the 
end of the test. 
The effect of a larger neutron dose on crack growth can be seen in specimen GG6T-
A (in Figure 2.36) that was subjected to 2.16 dpa irradiation.  The model seems to 
demonstrate crack growth due to creep loading sufficiently. This implies that the 
recommendation by Adefris and coworkers (Adefris et al., 1996) to use the averaged small 
scale creep parameter, instead of the C* contour integral, over the hold-time for the creep 
growth rate appears to work well with the fatigue and radiation contributions of the model. 
On the other hand, the estimated data of specimen SW-01 in Fig. 2.37 under-predicted the 
crack growth rate. As the crack growth progressed, the K decreased, causing the minimum 
stress to increase and the stability of the opening stress to be challenged.  Only 
approximately 29% and 93% of the estimated crack length of specimen SW-01 are within 
the scatter bands of 3 and 5, respectively, as seen in Figure 2.37. 
Reasonable crack growth estimations are obtained for specimens HAZ SS 316 C21-
A, C21-B, and C21-C, as displayed in Figures 2.48 -2.50, respectively. Specimen C21-A 
was subjected to a low dose of 0.45 dpa. Again, as stated in (Chopra and Shack, 2008), the 
specimen with dose equal to or less than 0.45 could be treated as un-irradiated specimen. 
The model for specimen C21-A accounts for the crack growth with high-stress and low 
load ratio to some degree. Once the dwell creep initiates on the last two data points, the 
model appears to work well. In addition, two sets of specimen C21-B data were lost at time 
equal 24 hours and 30 hours. The remaining 5,000 cycles illustrated in Fig. 2.39 is 
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essentially over 150 hour period.  For specimen C21-C in Figure 2.50 that was irradiated 
to 3 dpa, the radiation contribution of the model can be seen in the two end points. Similar 
to specimens C21-A and C21-B, the model for specimen C21-C accounts for the opening 
stress contribution to crack growth. Approximately 75% of the estimated data are within 
3% scatter bands as displayed in Figure. 2.50. 
 
 
Figure 2.31 Crack growth history for given cycles of irradiated HAZ specimen 85-XA, 



























Figure 2.32 Crack growth history for given cycles of irradiated HAZ specimen 85-1A-
TT, SS 304 subjected to cyclic loading with hold-time tested in water 
environment 
 
Figure 2.33 Crack growth history for given cycles of irradiated HAZ specimen 85-7A, 

















































Figure 2.34 Crack growth history for given cycles of irradiated HAZ specimen GG5T-
A, SS 304L subjected to cyclic loading with hold-time tested in water 
environment. 
 
Figure 2.35 Crack growth history for given cycles of irradiated HAZ specimen GG5T-

















































Figure 2.36 Crack growth history for given cycles of irradiated HAZ specimen GG6T-
A, SS 304L subjected to cyclic loading with hold-time tested in water 
environment 
 
Figure 2.37 Crack growth history for given cycles of irradiated HAZ specimen SW-01, 

















































Figure 2.38 Crack growth history for given cycles of irradiated HAZ specimen C21-A, 
SS 316 subjected to cyclic loading with hold-time tested in water 
environment 
 
Figure 2.39 Crack growth history for given cycles of irradiated HAZ specimen C21-B, 
















































Figure 2.40 Crack growth history for given cycles of irradiated HAZ specimen C21-C, 
SS 316 subjected to cyclic loading with hold-time tested in water 
environment. 
 
Figure 2.41 Predicted crack length of irradiated HAZ specimen 85-XA, SS 304 
subjected to cyclic loading with hold-time tested in water environment 




























































Figure 2.42 Predicted crack length of irradiated HAZ specimen 85-1A-TT, SS 304 
subjected to cyclic loading with hold-time tested in water environment 
versus observed crack length with factors of 3 and 5 scatter bands 
 
 
Figure 2.43 Predicted crack length of irradiated HAZ specimen 85-7A, SS 304 
subjected to cyclic loading with hold-time tested in water environment 





































































Figure 2.44 Predicted crack length of irradiated HAZ specimen GG5T-A, SS 304L 
subjected to cyclic loading with hold-time tested in water environment 
versus observed crack length with factors of 3 and 5 scatter bands. 
 
 
Figure 2.45 Predicted crack length of irradiated HAZ specimen GG5T-B, SS 304L 
subjected to cyclic loading with hold-time tested in water environment 




































































Figure 2.46 Predicted crack length of irradiated HAZ specimen GG6T-A, SS 304L 
subjected to cyclic loading with hold-time tested in water environment 
versus observed crack length with factors of 3 and 5 scatter bands 
 
 
Figure 2.47 Predicted crack length of irradiated HAZ specimen SW-01, SS 304L 
subjected to cyclic loading with hold-time tested in water environment 






































































Figure 2.48 Predicted crack length of irradiated HAZ specimen C21-A, SS 316 
subjected to cyclic loading with hold-time tested in water environment 
versus observed crack length with factors of 3 and 5 scatter bands 
 
 
Figure 2.49 Predicted crack length of irradiated HAZ specimen C21-B, SS 316 
subjected to cyclic loading with hold-time tested in water environment 





































































Figure 2.50 Predicted crack length of irradiated HAZ specimen C21-C, SS 316 
subjected to cyclic loading with hold-time tested in water environment 
versus observed crack length with factors of 3 and 5 scatter bands. 
2.6 Conclusions and recommendations 
Due to the limited crack growth models for irradiated materials, crack growth 
approximation models for irradiated austentic SS was presented in this study. The model 
was derived for several austenitic SS, including Types 304, 304L, 316 and 316L SS, which 
are typically used to construct core internal components of nuclear reactors. Using the 
superposition technique, existing fatigue and creep crack growth models based on the 
modified strip-yield methodology were employed and extended to include the effects of 
irradiation, residual stresses, and high temperature environment.  Based on the analyses 
presented in this study, the following conclusions can be drawn: 
1) By utilizing the crack length data for un-irradiated materials subjected to either 
cyclic loading or cyclic loading with hold-time (i.e. combined fatigue-creep), one 
was able to obtain the irradiation contribution of the crack growth approximation 
model to determine the crack length of irradiated SS at given cycles. Although 



































obtained for both un-irradiated and irradiated SS specimens subjected to various 
test conditions, more experimental data is still needed to better support the results. 
2) Despite the fact that the welding temperatures for HAZ specimens were unknown 
and had to be estimated, the addition of the residual stress component to the crack 
growth approximation model for HAZ materials seemed to significantly improve 
the correlations. However, knowing the weld history and temperatures at which the 
weld began to solidify or cool down for each specimen would significantly 
contribute to the accuracy of the model. 
3) By employing the modified Paris-Erdogan equation in the fatigue crack growth 
model for type 304 SS materials, poor correlation was observed in the intermediate 
range for specimens that are exposed to dissolved oxygen environment. Additional 
analysis should, therefore, be performed to obtain the effect of oxygen environment 
on fatigue crack growth of type 304 SS. 
4) Modifying the C* contour integral model significantly improved the accuracy of 
the creep crack growth rate estimations. This was especially noted in irradiated 
Types 304 (specimen 85-3TT) and 316 SS (specimen CR-01) specimens in water 
environment, where all the observed and estimated crack length are within the 
scatter bands of 5. 
5) In this study, the data for only two specimens in air environment were available, 
while the remaining 22 specimens were tested in water. Although good correlations 
between the observed and estimated crack growth data were obtained for specimens 
in air environment, more experimental data is needed to verify the methodology to 
separate the effects of crack growth rate in air and water environment. 
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6) In overall, the main advantage of the proposed  model is the use of superposition to 
allow the addition of the individual contribution of the physical phenomena into the 
crack growth material.  On the other hands, one of the drawbacks using this model 
is that different types of materials (i.e. SS 304, SS 316, etc.,) would require 
individual investigation into the crack growth contributions due to different 
material makeup, and may require individual set of constants for modeling. 
7) The proposed model could be adopted for other materials. In doing so, the effects 
of radiation on the selected material have to be assessed to evaluate the best 
procedure for developing a radiation model.  In addition, if a creep model exists for 
a given material, creep constants have to be determined and assessed. 
8) Since the proposed model is intended for first-hand fatigue and creep calculations, 
considerable additional analysis as well as experimental data for validation are 
required for a better understanding of the material degradation process to obtain 
more accurate crack growth predictions for components and structures in the reactor 
environment. Such information is considered crucial for safe and reliable reactor 







FAILURE ANALYSIS OF AISI 304 STAINLESS STEEL SHAFT 
3.1 Abstract 
 In this chapter, we present a failure analysis methodology of a structural 
component using a conventional 14-step failure analysis approach. This failure analysis 
methodology focused on observation, information gathering, preliminary visual 
examination and record keeping, nondestructive testing, mechanical testing, 
selecting/preservation of fracture surfaces, macroscopic examinations, microscopic 
examinations, metallography, failure mechanism determination, chemical analysis, 
mechanical failure analysis, testing under simulated service conditions, and final analysis 
and report. The application of this methodology is demonstrated in the failure analysis of 
a mixer unit shaft made of AISI 304 stainless steel. Using this failure analysis approach, 
we pinpointed the primary mode of failure and developed a means of circumventing this 
type of failure in the future. The results show that the steel shaft failed due to intergranular 
stress cracking (sensitization during welding) at the heat affected zones (weld plugs). 
3.2 Introduction 
Failure, in general, is the inability of a component, structure, system, or program to 
function as intended (usually unexpectedly). From a designer point of view, failure analysis 
relies heavily on the ability to make accurate predictions of the strength and fracture of 
materials under complex loading conditions. In this study, there will be primary focus on 
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the process of analyzing and understanding “material” failure.  Engineering products and 
systems can fail for numerous reasons ranging from misuse to poor instructions; however, 
this effort will be focused on failure of the constituent materials. We will examine both 
experimental and analytical techniques for failure analysis and prevention. 
In this study, failure analysis of drive-train output shafts was conducted by 
performing the following conventional 14-steps (not necessarily in this order): 1) 
observation; 2) information gathering; 3) preliminary visual examination and record 
keeping; 4) nondestructive testing; 5) mechanical testing; 6) selecting/preservation of 
fracture surfaces; 7) macroscopic examinations; 8) microscopic examinations; 9) 
metallography; 10) failure mechanism determination; 11) chemical analysis; 12)  
mechanical failure analysis; 13) testing under simulated service conditions; and 14) final 
analysis and report. 
This conventional 14-step failure analysis methodology is applicable to complex 
loading such as the fracture of materials due to overloading or the progressive weakening 
of a material due to fatigue. It can be applied to both non-metallic and metallic materials. 
The authors acknowledge that there may be differences in nondestructive and chemical 
analyses techniques used for metallic materials in comparison to the non-metallic, but the 
conventional 14-step failure analysis methodology should remain the same. These 14-steps 
are interchangeable and can be reduced to fewer steps depending on the specifics of a given 
problem. 
Finally, this chapter documents the results of initial examinations and detailed 
investigations.  It also discusses the potential root causes of failure in the shaft and the 
primary mode of failure. Included with the results of the failure analysis are 
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recommendations for design improvements of the shaft.  If implemented, these 
recommendations should circumvent the possibility of failure of future mixer drive-train 
output shafts. 
3.3 Observation and background 
This case study describes the failure analysis of a fractured drive train shaft from a 
mixer unit that led to catastrophic consequences in terms of damage to other equipment, 
loss of production, and risks to workers’ health and safety. Failure can also be less than 
catastrophic if detected early enough. It may mean a state of defectiveness, a lapse in 
manufacturing quality control or inspection effectiveness, the use of incorrect or below 
specification material, unexpected in-service deterioration, or damage through poor 
operation or maintenance. Even in these cases, the financial consequences can be high in 
terms of rework, repair, or remediation. 
The failed component in this case study was a drive-train output shaft from a 15-hp 
mixer unit. The entire assembly is illustrated in Figures 3.1 and 3.2. The failed shaft was 
made of AISI 304 Stainless Steel (SS) and was only in service for three weeks before 
experiencing these failures, which raised concerns at the manufacturing company. 
Consequently, root cause analysis aimed to establish the technical facts surrounding the 
failure by giving a scientific description of the damaged parts, giving an analysis from the 
standpoint of the materials and the engineering mechanisms by which the damage could 




Figure 3.1 Side view of 15-hp mixer motor assembly 
 
Figure 3.2 Motor shaft layout 
 
A thorough background investigation was conducted to identify possible 
contributing factors of failure.  Several important facts were uncovered during this process 
that will be highlighted in detail in the following sections.  The 15-hp mixer motor operates 
continuously except for changes in voltage.  However, the mixer station is not continuously 
monitored by an operator.  Therefore, no external vibrations were observed prior to the 
shaft breaking.  Because the shaft was a loose fit, weld plugs were installed using the same 
AISI 304 SS as the shaft.  It is uncertain whether the gearbox was anchored; regardless, the 
gearbox did not influence shaft failure.  Also, there was no preloading associated with the 
torque arm that could influence failure.  The weights of the mixer and material in the mixer 
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were not critical and therefore not needed.  The temperature of the operational environment 
is considered to be ambient.  The keyway is 12.7-mm square, and the material used for the 
key was the same AISI 304 SS as the shaft. 
3.4 Information gathering 
The first step of any investigation is to gather data.  Information on the technical 
specification of the equipment, the service history, and its mode of operation will be needed 
for comparison with forensic evidence from the failed parts. Such a comparison may 
indicate a cause of failure. Was the intended material actually used? Were weld sizes 
according to design? Was the equipment operated correctly? Secondly, the context of the 
failure must be determined. A site visit to examine and photograph the damaged equipment 
in place is often helpful and sometimes essential. It may not be possible to recreate the 
scene again. What was happening at the time leading up to the first sign of failure and 
afterwards? The value of witness statements should not be underestimated; even when an 
eyewitness account may not be sufficiently robust for a court of law, it may provide 
valuable pointers to investigators. 
3.5 Preliminary visual examination and record keeping 
The primary objective of this investigation was to evaluate the shaft material and 
describe its failure mode. To fully understand the material and the problem, a detailed 
background study was performed. This included an investigation of common failure modes 
of AISI 304 SS including potential manufacturing problems. 
This stage of the investigation was the examination of the damaged parts and failure 
surfaces (see Figure 3.3). This required close attention to detail and meticulous record 
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keeping. Initial examination included photography, dimensional checks, and possibly 
preparation of replicas of fracture surfaces. There would be no opportunity to go back later 
once the component was cut up and pieces removed. Once this on-site examination was 
complete, samples of material were extracted for detailed laboratory examination, chemical 
analysis, and mechanical testing. 
                 
Figure 3.3 Failed shaft with heat affected zone (HAZ) and keyway. 
 
3.6 Selecting/preservation of fracture surfaces 
In this study, we concentrated our efforts on failure information and case studies 
that related to failures of output shafts.  Shafts have a variety of uses and may be subjected 
to multiple types of loadings from multiple directions. This results in a wide range of 
potential problems and failure modes that shaft designers must consider. Some common 
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failures found in shafts include fatigue as a result of stress concentrations and 
embrittlement. Another common cause for failure in shafts involves misalignment or 
mismatch of mating parts. This misalignment can cause vibration and ultimately result in 
a fatigue failure in the shaft (Metallurgical Consultants, 2007). 
A fractography study of a shaft fracture surface is often used by investigators to 
identify surface features that indicate the type and origin of failure. Some common surface 
features found on shaft failures include beach marks, river marks, striations, ratchet marks, 
and chevron marks. These features help define the failure surface. For example, the river 
marks show the direction of the progression of a crack.  They often show up in a relatively 
fast-growing section of a fatigue zone. Ratchet marks indicate the boundary between two 
adjacent failure planes. Ratchet marks along with the size of the final fracture zone help 
investigators understand whether loads or stress concentrations were the major cause in a 
failure (Sachs, 2005). 
3.7 Chemical analysis 
To determine the case hardening mechanism, if any, spectral analysis was 
performed on the circumference of the shaft using a SPECTRO SpectroMaxx spectrometer. 
Spectrometer readings were then taken near the shaft center to determine the material 
composition. The results are shown in Table 3.1, and the shaft was found to be AISI 304 
stainless steel. This austenitic stainless steel is susceptible to sensitization during welding. 
This occurs when austenitic stainless steel is heated to temperatures of about 700 degrees 
C; at about this temperature, the carbon content exceeds the solubility limit for austenite. 
The carbon will bond with the chromium and, given a few minutes, will travel to the grain 
boundaries as chromium carbide. The grain edges are then depleted of chromium and thus 
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lose their corrosion resistance. Then, local galvanic corrosion may occur along the grain 
boundaries. The carbides in the grain boundaries may also cause grain decohesion. To 
reduce sensitization, the AISI 304L stainless steel may be used because it has less than 
0.03% carbon. This shaft could be manufactured with the “L” version. The yield strength 
and ultimate strength for annealed 304 stainless steel are 42 ksi and 84 ksi, respectively (39 
ksi and 81 ksi for 304L). These strength numbers do not indicate overload failure; however, 
sensitization and subsequent stress corrosion cracking would greatly reduce the shaft’s 
strength. (KoKawa, 2005). 
Table 3.1 AISI 304 stainless steel composition 
Element 304 (1) 
Carbon (%) 0.08 
Chromium (%) 18.00 – 20.00 
Manganese (%) 2.00 
Nickel (%) 8.00 – 10.50 
Phosphorus (%) 0.045 
Sulfur (%) 0.03 
Silicon (%) 1.00 
 
3.8 Mechanical analysis 
Hardness testing was performed to determine the strength and strength gradient of 
the shaft. Six readings were taken starting at the center of the shaft and moving toward the 
edge.  Figure 3.4 shows the results of the hardness testing as well as the calculated ultimate 
tensile strength of the shaft at the various locations. The hardness testing revealed that the 
steel was annealed, but the effect of the annealing was lost near the surfaces due to the heat 




Figure 3.4 Hardness and ultimate tensile strength as a function of position 
 
3.9 Macrosopic Examinations 
Samples of the material were extracted from the failed shaft in order to analyze the 
microstructure. The samples were mounted in Epoxy and polished to a mirror finish 
following a standard preparation procedure for steels. The specimens were etched with 
“Glycergia” (mixture of a nitric acid, hydrochloric acid, and glycerol) to reveal the 
microstructure. The following images were captured with an optical microscope. 
Figures 3.5 and 3.6 show that the material had two different phases. The first phase, 
as shown in Figure 3.6, was the austenitic matrix that could be retained at room temperature 
by the addition of stabilizing elements such as carbon, nitrogen, nickel and manganese, 




Figure 3.5 Microstructure observed with the optical microscope at 20x magnification 
 
Figure 3.6 Microstructure observed with the optical microscope at 50x magnification 
 
The grain size of the austenitic matrix varied between ten and thirty microns. The 
lamellar structure observed in Figure 3.7 was presumably chromium carbide precipitates 
often referred to as Cr23C6 (properly (Cr, Fe)23C6 or (Cr, Fe, Mo)23C6), which could be 




Figure 3.7 An example of sensitization in 304 stainless steel (optical microscopy) 
 
The second phase was distributed unevenly along the entire austenitic matrix, as 
shown in Figure 3.7. This phase is referred to as δ - ferrite stringers. This phase improves 
the resistance (in some environments) of the material to form microfissures or intergranular 
cracks adjacent to the weld because they block the propagation of cracks. However, if the 
temperature during welding reaches high values, this steel can become sensitized and lose 
this property (Kokawa, 2005). 
 
Figure 3.8 Inter-granular cracking near the surface 
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3.10 Microscopic Examinations 
The fractured specimen was examined under a Scanning Electron Microscope 
(SEM). The fracture surface was cleaned, and the specimen was inserted into the SEM. 
The analysis of the surface began at the far left, as shown in Figure 3.9. This location was 
very close to the edge of the part, and the surface was filled with inter-granular cracks as 
shown in Figure 3.8. These inter-granular cracks were centered about the weld location and 
quickly disappeared when moving away from the weld. Near the weld locations, the inter-
granular cracks were the farthest from the surface, going in a distance of approximately 
150 to 200 μm. Farther away from the weld location, the cracking was less severe but still 
present, as shown in the bottom right of Figure 3.8. An example of sensitization in AISI 
304 stainless steel was shown in Figure 3.7; this compares well with the intergranular 
cracking in Figure 3.8. 
 




While the inter-granular cracking was the most prevalent at the weld locations, 
chevron marks were located throughout the part. The chevron marks pointed from each of 
the three weld locations toward the keyway. Figures 3.10 and 3.11 show SEM pictures of 
the chevron marks. The chevron marks can be seen with the naked eye. 
 
Figure 3.10 Chevron marks at shaft surface 
 




The entire fracture surface, except for one region, had chevron marks covering the 
surface. The fracture surface, which formed from a large chunk being removed from beside 
the keyway, did not have chevron marks. This area of the fracture surface, which was not 
on the same plane as the rest, is shown in Figure 3.12. 
 
Figure 3.12 Highly deformed region formed beside the keyway 
 
On the fracture surface of the shaft, one section was clearly plastically deformed. 
This region was observed under the SEM with Figure 3.13 being on the left side of the 
crack shown in Figure 3.12.  Figure 3.14 was on the right side of the crack shown in Figure 
3.12.  Figures 3.13 and 3.14 were taken at the same magnification. The left side displayed 




Figure 3.13 Brittle fracture near the keyway 
 
Figure 3.14 Ductile fracture near the keyway 
 
The SEM pictures indicate that the shaft failed due to stress corrosion cracking from 
sensitization. The cracks began in the HAZ of the weld since this area cooled slowly, 
allowing time for chromium carbides to precipitate out to the grain boundaries. This caused 
inter-granular cracking within the HAZ that quickly propagated from the welds to the 
keyway. Once the remaining cross-sectional area could no longer hold the torsional load, 
the shaft broke into two pieces in a ductile manner. This failure may have occurred only a 
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few times if the mixer builder used stainless steel only for a few mixers, if the other shafts 
contained less carbon, or if these failed shafts experienced longer welding times. 
3.11 Mechanical failure analysis 
A recent study by Sofronas (2006) regarding rotating members, where failure was 
believed to occur from reverse bending at HAZ, provided steps for analyzing the 
mechanical failure.  A rotating shaft loaded by stationary bending and torsional moments 
was stressed by reverse bending because of shaft rotation.  The torsional stress varied with 
shaft speed.  The following procedure was used to determine the safety factor of the shaft. 
The failed shaft was made of AISI 304 stainless steel. The mechanical properties 
associated with the failed shaft are listed in Table 3.2. A schematic/free body diagram is 
shown in Figure 3.15. The bending forces on the shaft had to account for each of the two 
belts on the pulley.  Forces on the pulleys were found from pulley relationships (Shigley et 
al., 2004).  The forces due to the pulley and torque arm were summed to get the resultant 
bearing forces acting on the shaft. After solving for the forces of the bearings, pulley, and 
torque arm, the bending stress was calculated at the failure zone using the force 
distributions.  The shearing stress was calculated from the torsion created by the shaft 
rotation.  The stress concentrations at the weld plugs were approximated by assuming a 
sharp corner fillet. 
Table 3.2 Mechanical Properties of failed axial shaft and AISI 304 
Material Yield Strength Ultimate Strength 
AISI 304 40.0 kpsi 82.4 kpsi 




Figure 3.15 Free-body diagram of loads applied to shaft 
 
For bending, the stress concentration factor was 4.7.  For torsion, the stress 
concentration factor was 1.48.  The radius of curvature was assumed to be very small to 
maximize the stresses.  In addition, it was known that the amperage of the mixer unit varied.  
This variance in amperage/voltage would cause the speed of the shaft to vary.  Using the 
given speed vs torque relationship, the torque was determined for two percentage speeds.  
These percentage speeds and percentage torques were put into the pulley force equations 
and torque equation for rotation.  The average or median speed was assumed to be 100% 
speed and 100% torque.  Table 3.3 lists the variances of speed, the torque multipliers, and 
safety factors.  These amplitude and mean torques and moments were substituted into the 
Gerber relation (Shigley et al., 2004) along with the endurance strength and ultimate 
strength to determine the safety factor.  The safety factor at failure was determined to be 
0.66 with speed varying to 98% nominal.  The process was repeated for speed varying to 
99% nominal; the safety factor was 1.001.  A safety factor that is less than 1.0 indicates 
that stresses experienced during actual operating conditions were in excess of the intended 
 
126 
allowable design stress.   A typical (or ideal) safety factor would be at least 1.50 to 4 
(Shigley et al., 2004). 
Table 3.3 Service Factor of 1.15 (Shigley et al., 2004) 
Percent Speed 99 98 
Torque Multiplier 1.6081 2.1351 
Safety Factor with stress concentrations 1.001 0.66 
Safety factor without stress concentrations 3.43 2.124 
Fy #1 (lbf) Y direction reaction force at bearing #1 60.7 55.2 
Fx #1 (lbf) X direction reaction force at bearing #1 240.6 292.5 
Fy #2 (lbf) Y direction reaction force at bearing #2 -466.8 -387.1 
Fx #2 (lbf) X direction reaction force at bearing #2 -2677.0 -3384.0 
T – torque arm force (lbf) 1445.0 2096.0 
P – pulley force (lbf) 1159.0 1170.0 
Torque (in-lbf) 2336 3133.0 
Alternating bending stresses, σa (ksi) 2.729 5.235 
Alternating torsional shear stresses, τa (ksi) 2.165 4.087 
Mean bending stresses, σm (ksi) 9.843 9.843 
Mean torsional shear stresses, τm (ksi) 3.467 3.467 
 
3.12 Determine failure mechanism 
The primary objective of a material’s failure analysis is to determine the root cause 
of failure. Whether dealing with metallic or nonmetallic materials, the root cause can 
normally be assigned to one of four categories; i.e.,  design, manufacturing, service, or 
material. Often, several adverse conditions contribute to the failure. Many of the potential 
root causes of failure are common to metallic and nonmetallic materials. In this case study, 
shafts in general have a variety of uses, and they may be subjected to multiple types of 
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loadings from multiple directions. This results in a wide range of potential problems and 
failure modes that shaft designers must consider. Some common failures found in shafts 
include fatigue as a result of stress concentrations and embrittlement.  Another common 
cause for failure in shafts includes misalignment or mismatch of mating parts. This 
misalignment can cause vibration and ultimately result in a fatigue failure in the shaft 
(Sofronas, 2006). 
A fractography study of a shaft fracture surface is often used by investigators to 
determine fracture modes and mechanisms of failure. Typically, examination at higher 
magnification using both light and scanning electron microscopes, metallographic 
sectioning, and chemical analysis will be involved to identify final fracture modes such as 
ductile tearing, cleavage fracture, or creep rupture and mechanisms preceding failure such 
as fatigue, stress corrosion cracking, and embrittlement. Micro-analysis in the SEM is often 
particularly revealing. It can reveal defects in welds and the quality of welding and weld 
microstructure. Chemical analysis can confirm whether the materials were as specified and 
detect corrosion products. Mechanical testing for tensile and fracture properties can 
provide quantitative measures of strength and susceptibility to defects. 
Some of the common surface indicators for a shaft failure include beach marks, 
river marks, striations, ratchet marks, and chevron marks (see Figures 3.10 and 3.11). These 
features help define the failure surface. For example, the river marks show the direction of 
the progression of a crack.  They often show up in a relatively fast growing section of a 
fatigue zone. Another example is ratchet marks, which indicate the boundary between two 
adjacent failure planes. The ratchet marks, along with the size of the final fracture zone, 
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can help investigators understand whether the loads or the stress concentrations were the 
major cause of a failure (Callister, 2000). 
In one particular case study that was investigated, a motor shaft was subjected to 
rotational bending and failed due to a fatigue crack that resulted from the dreaded 
chromium-rich carbide precipitation, considerable grain growth, and subsequent 
decohesion of the grains (see Figure 3.8). This phenomenon would, of course, be in the 
heat affected zones of the welds. Welding austenitic steels in large pieces with sections a 
big as this shaft precludes any high-temperature re-solutioning, plus the fact that the cracks 
would still be there anyway. 
3.13 Final analysis and report 
It appears that the failures were aligned with the welds.  The weld plugs were used 
to set the shaft because of vibration issues due to a loose fit and could potentially fail 
prematurely.  However, the weld plugs were creating stress concentrations that were 
transporting the failure to the shaft. 
Several actions may be taken to prevent this type of failure. If the operational 
environment allows, the AISI 1018 cold-drawn steel could be used because it is better 
suited for welding. If this is not possible, an AISI 304 stainless steel may be used with 
precautionary measures. The shaft could be heat treated after welding. By heating the 
welded joint to 500 to 800 degrees Celsius followed by water quenching, the chromium 
carbides can be dissolved and returned to solid form. If heat treatment is not an option, the 
addition of specific alloying elements would prevent chromium carbide formation; these 
elements combine with the carbon in the steel so that chromium carbides cannot form. 
Niobium, tantalum, and titanium are typical alloying elements used to prevent 
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sensitization. These elements have a greater affinity for carbon than chromium. Alloys with 
these additions are said to be in a stabilized condition. Another solution for the stainless 
steel is to lower the carbon content to about 0.03 percent by weight or less so that significant 
amounts of chromium carbides cannot precipitate. Type 304L stainless steel has its carbon 







SUMMARY OF RESEARCH CONTRIBUTIONS  
AND SUGGESTED FUTURE WORKS 
4.1 Fatigue life predictions for irradiated stainless steels  
Taking the Bäumel-Seegar Uniform Material Law and Roessle-Fatemi Hardness 
fatigue life approaches, two models are developed to estimate fatigue life as a function of 
temperature, radiation and void swelling. The fatigue life is predicted using the ultimate 
tensile strength correlation for irradiated stainless steel from EPRI.  A derived temperature 
correlation is utilized in the hardness method. Void swelling is approximated and expanded 
using a relationship from EPRI and applying it to SS 304, 304L, and 316.   
Conducting fatigue experiments on irradiated materials is very difficult and costly. 
The proposed modified models can be used to determine fatigue life under such conditions. 
This model will also allow future developments of ASME fatigue design curves with 
radiation. When fully developed for other steels, the model can also be utilized for guidance 
in planning and conducting experimental programs, parametric studies, and in NUREG 
6909 for light water reactors, to include the contribution of radiation and void swelling for 
consideration by ASME for irradiated materials under fatigue loading. 
4.2 Crack growth prediction for irradiated stainless steels 
The computation of crack growth of irradiated stainless steels subjected to the 
combined creep-fatigue loading presented here represents a new application of the strip-
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yield model.  The only utilization of creep modeling using the strip-yield model, to the 
author’s knowledge, is Andrews and Potirniche (Andrews and Potirniche, 2015), who 
recommended utilizing a stress based equation for small-scale creep to get the model tuned 
with some success. In the present work, by locating and using a stress intensity based small-
scale relationship with Adefris, Saxena and McDowell (Adefris et al., 1996), satisfactory 
results were obtained. 
The proposed model employs the strip-yield model as modified by Newman 
(Newman, 1981) and Daniewicz (Daniewicz et al., 1994), and the dwell creep contribution 
is implemented into the model using a superposition technique. The results for the available 
experimental data were positive in that in many of the cases, the crack growth trend 
followed the data (16 of 24 cases). 
The residual stress of heat affected zones of welds has been analytically modelled. 
Knowledge of the welding temperature profile is crucial to determine the residual stress. 
The residual stress was estimated using the coefficient of linear expansion of stainless steel 
and the plastic portion of the Ramsberg-Osgood equation.  In addition, an understanding 
of the relationship between temperature and stress is needed to estimate the residual stress 
for calculating the stress intensity factor for the crack growth. 
Reactor vessel and internals material characterization for fatigue crack initiation 
and propagation predictions require knowledge of fracture toughness Kc, ultimate tensile 
strength, Sut, and yield strength, Sy. Experimental programs to determine the fracture 
properties of other steels are recommended.  In doing so, the effects of radiation on the 
selected material need to be assessed to evaluate the best procedure for developing a 
radiation model.   
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Lastly, the proposed crack growth model could be utilized for future studies. For 
example, the effects of stress corrosion cracking (SCC) using the principle of superposition 
to obtain the SCC contribution in conjunction with radiation will greatly improve the 
accuracy of the model to estimate the crack growth for irradiated materials in BWR 
environment. Another example could be adopting the EPRI MRP-135 property correlations 
for ultimate tensile strength, and yield strength for radiation, temperature, and cold work 
for flow stress calculations.   
4.3 Failure analysis of AISI 304 stainless steel shaft 
An examination of a weld SS 304 shaft in an industrial application determined that 
intergranular stress cracking was the contributing failure mechanism.  A substitution of 
AISI 1018 may be attempted if the environment allows.  If AISI 304 is the chosen material, 
precautions such as heat treatment may be taken to allow its adoption.  Another solution 
for the stainless steel is to lower the carbon content to about 0.03 percent by weight or less 
such that significant amounts of chromium carbides cannot precipitate. Type 304L stainless 
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UNCERTAINTY ANALYSIS OF FATIGUE DATA FOR AUSTENITIC STAINLESS 
STEELS 304, 304L AND 316 
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The uncertainty analysis for the irradiated stainless steel fatigue life data is 
presented.  There were three significant inputs into the Roessle-Fatemi Hardness method 
and Bäumel-Seger Uniform Material Law estimation for fatigue life, cold-work, 
temperature and radiation.  The radiation was input into the ultimate tensile strength.  The 
temperature was input into the ultimate tensile strength, and modulus of elasticity.  The 
cold work was input into the ultimate tensile strength.  The uncertainties were input as an 
added values (plus uncertainties) to the nominal value and subtracted value (minus 
uncertainties) to the nominal value 
A.1 Uncertainty method of ultimate tensile strength 
The final ultimate tensile strength was a function of three parameters, radiation 







































q  (A.1) 
  
For ultimate tensile strength: 
    330 TmeT   20C  T  600C (A.2) 
where  
  drUTSm cw ,10144.100153.0
6    (A.3) 
Ultimate tensile strength is determined from 
























rUTSUUTSIrUTSUdrUTS cwcwcw  (A.5) 
such that 
       2000 2 cwcwcw rUTSUUTSIrUTSUUTSIUTSUrUTSU   (A.6) 
Letting UTS(rcw,d,T) = q 
Let rcw = x 
Let d = y 
Let T = z 
Take the derivative 
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  drUTSm cw ,10144.100153.0
6  (A.14) 
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 where the constants for UTSUo and UTSI are given for SS304 and SS316 in Table A.1. 
Table A.1 Stainless Steels 304 and 316 Unirradiated and irradiated UTS values at 
330°C 
Stainless Steel UTSUo (MPa) UTSI (MPa) 
304SA rcw = 0 450.0 810.0 
316SA rcw = 0 450.0 1000.0 
Reference Materials Reliability Program (MRP-135), EPRI  
A.2 Uncertainty method of modulus of elasticity 
The modulus of elasticity is a function of temperature only.  The uncertainty of a 












q   (A.18) 
where δx is the temperature uncertainty = ±5°C/(Test Temperature) or ±25°C/430°C. 
where Test Temperature = 400°C or 500°C or 600°C or 700°C 







δq = -81.2(δT) 
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A.3 Uncertainty of temperature 
There were three types of austentic stainless steel used, 304, 304L and 316.  In the 
data for the Beeston et al and Brinkman et al, the data had an uncertainty of ±5°C.  For the 
316 data of the irradiated helium 316 stainless steel, the temperature data had an uncertainty 
of ±25°C for a 430°C temperature for the specimens (Grossbeck and Liu, 1982). 
A.4 Uncertainty of radiation 
There were three types of austentic stainless steel used, 304, 304L and 316.  In the 
data for all the specimens, the criteria of Regulatory Guide 1.190 is used.  Regulatory Guide 
1.190 is the U. S. Nuclear Regulatory Commission method for calculating the reactor 
pressure vessel neutron fluence.  The uncertainty given in the methodology is 20%.  For 
the radiation data from all the references, the 20% uncertainty is used for the radiation.   
A.5 Uncertainty of cold work 
There were three types of austentic stainless steel used, 304, 304L and 316.  
Stainless steel 316 typically had a cold work not to exceed 20%.  Stainless Steel 304 was 
typically stress annealed and not cold worked.  The stainless steel 304L was not cold 
worked.  In the data for cold work for the stainless steels a ±5% uncertainty for cold work 







A.6 Hardness method results of stainless steel 304 
These are the uncertainty results of stainless steel 304 fatigue life for the Roessle-
Fatemi Hardness method.  The results of the uncertainties are tabulated in Table A.2. 
Table A.2 Stainless Steel 304 plus uncertainties and minus uncertainties 
Maximum minus uncertainty 2078 cycles 
Minimum minus uncertainty -162  cycles 
Maximum plus uncertainty 2398 cycles 
Minimum plus uncertainty -162 cycles 
 
Figure A.1 Stainless steel 304 Fatigue Life uncertainty calculation.  For un-irradiated 
stainless steel and irradiated stainless steel 
A.7 Hardness method uncertainty results of stainless steel 304L 
These are the uncertainty results of stainless steel 304L fatigue life for the Roessle-

























Factor of 3 - 96%
Factor of 5 - 98%
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Table A.3 Stainless Steel 304L plus uncertainties and minus uncertainties  
Maximum minus uncertainty 1320 cycles 
Minimum minus uncertainty -134 cycles 
Maximum plus uncertainty 1518 cycles 
Minimum plus uncertainty -128 cycles 
 
 
Figure A.2 Stainless steel fatigue life uncertainty calculation for stainless steel 304L.  
For irradiated and un-irradiated stainless steel. 
A.8 Hardness method uncertainty results of stainless steel 316 
These are the uncertainty results of stainless steel 316 fatigue life for the Roessle-
Fatemi Hardness method.   The results of the uncertainties are tabulated in Table A.4. 
Table A.4 Stainless Steel 316 plus uncertainties and minus uncertainties  
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Minimum minus uncertainty -258 cycles 
Maximum plus uncertainty 3754976 cycles 
Minimum plus uncertainty -254 cycles 
 
 
Figure A.3 Stainless steel 316 fatigue life uncertainty calculation.  For un-irradiated 
and irradiated stainless steel. 
 
A.9 Uniform material law uncertainty results of stainless steel 304 
These are the uncertainty results of stainless steel 304 fatigue life for the Bäumel-
Seeger Uniform material law estimation.  The results of the uncertainties are tabulated in 
Table A.5. 
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Maximum minus uncertainty 3462 cycles 
Minimum minus uncertainty -20 cycles 
Maximum plus uncertainty 4166 cycles 
Minimum plus uncertainty -20 cycles 
 
 
Figure A.4 Stainless steel 304 fatigue life uncertainty calculation.  For irradiated and 
un-irradiated stainless steel. 
A.10 Uniform material law uncertainty results of stainless steel 304L 
These are the uncertainty results of stainless steel 304L fatigue life for the Bäumel-
Seeger Uniform material law estimation.  The results of the uncertainties are tabulated in 
Table A.6. 
Table A.6 Stainless Steel 304L plus uncertainties and minus uncertainties  


























Minimum minus uncertainty -14 cycles 
Maximum plus uncertainty 2860 cycles 
Minimum plus uncertainty -14 cycles 
 
 
Figure A.5 Stainless Steel 304L fatigue life uncertainty calculation.  For irradiated and 
un-irradiated stainless steel. 
 
A.11 Uniform material law uncertainty results of stainless steel 316 
These are the uncertainty results of stainless steel 316 fatigue life for the Bäumel-
Seeger Uniform material law estimation.  The results of the uncertainties are tabulated in 
Table A.7. 
Table A.7 Stainless Steel 316 plus uncertainties and minus uncertainties 
Maximum minus uncertainty 2185342 cycles 
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Maximum plus uncertainty 4324896 cycles 
Minimum plus uncertainty -174 cycles 
 
 
Figure A.6 Stainless steel 316 fatigue life uncertainty calculations.  For irradiated 
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Data on 9Cr-1Mo (P91) (Narasimhachary and Saxena, 2013) was used to 
benchmark creep and fatigue model.  The equation used for strain rate is 
 nA   (B.1) 
The value of A is 9.53x10-21 MPa-n hr-1 and “n” is 8.24.  Using the equation for plastic 
strain rate, the load-displacement rate is simulated from it. 
 
n
pc A  
  (B.2) 
The Nikbin, Smith and Webster (NSW) model studied assumes the stress strain 
field is Hutchinson, Rice and Rosengren (HRR) type.  In the experimental data examined 
in the study by Andrews and Potirniche (Andrews and Potirniche, 2015), the applied 
stresses were low.  As a result, the calculated size of the creep process zone was small 
compared to the other dimensions.  In this situation, the behavior is dominated by the linear 
elastic response, rather than the non-linear response.  Since this is the case, a linear elastic 
crack tip parameter such as the stress intensity factor, K, would be expected to correlate 
well to the experimental data.  The C* contour integral may not correlate as well the creep 
crack growth under these conditions. 
As a result, a literature search discovered a small-scale creep model utilizing the 
change in stress intensity factor, ΔK, (Adefris et al., 1996).  This discovery fit the 
conditions identified by Andrews and Potirniche.  The C* contour integral model was 
replaced by the small scale creep parameter, (Ct)avg by Adefris, 1996. The data used from 





Table B.1 Summary of 9Cr-1Mo (P91) steel for fatigue creep model 
Specimen Load (kN) Hold time (seconds) Initial crack (mm) 
3-1-2(W) 9 60 19.90 
3-1-3(W) 9 600 20.27 
3-1-4(W) 7.5 60 19.92 
3-1-5(W) 7.5 600 19.95 
(Narasimhachary and Saxena, 2013) 
The results of these experiments were compared to test data.  The results were not 
long fatigue lives, the greatest fatigue life being 8018 cycles, but there was good correlation 
with crack growth and fatigue life.   


















3-1-2(W) 28.50 28.5057 3470 3454 
3-1-3(W) 27.00 26.9708 763 765 
3-1-4(W) 30.70 30.6895 8018 8020 
3-1-5(W) 26.90 26.8900 1915 1917 
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